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(57) Abstract 

Chiral catalysts for enandoselectively epoxidizing a piochiral olefin and for enantioselectively oxidizing a prochiral sulfide 
are disclosed, together with methods of using such catalysts. In accordance with one aspect of the invention, the catalyst is a salen 
derivative which has general stnirture (I). In accordance with another aspect of the present invention is a method of producing an 
epoxyciiroman using a chiral catalyst. In accordance with this method, a chromene derivative, an oxygen atom source, and a chi- 
ral catalyst are reacted under such conditions and for such time as is needed to epoxidize said chromene derivative. In accord- 
ance with yet another aspect of this invention is a method of enantioselectively epoxidizing a cis-cinnamate derivative to make 
taxol or an analog thereof. In accordance with another aspect a method of disproportionation of hydrogen peroxide using the ca- 
talysts of the present invention is disclosed. 
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CHIRAL CATALYSTS. CATALYTIC OXIDATION AND DISPROPORTIONATION 
'^"'^ RATIONS. AND METHODS OF PRODUCING EPOXYCHROMANS 

AND TAXOL 



jyT A^ngNT of COW RNMlgNT INTEREST 

This invention was made with Govenunent siqipoit under Grant 
GM-43214-01 Al awaided by the National Institutes of Health and Grant CHE- 
10 905T740 awarded by tiie National Science Foundation. Tlie government has 
certain rights in the invention. 

^()^s-T»TnnrRTa>JCR to i»irT Arm applicatiqk 

The present i^lication is a conthiuation-in-pait of U.S. Patent 
Ai>plication No. 809,446 filed December 16, 1991 which application was m 
15 turn a continnation-in-part of U.S. Patent Application No. 749,460 filed 

August 26, 1991, and of U.S. Patent ^JpBcation No. 673,208 filed March 21, 
1991 \t4iich agipUcadoa was in turn a condmiation-in-pait of U.S. Patent 
Application No. 496,992 filed March 21, 1990 and snice abandoned. 



20 Pntalv>»« »nA Catalysis 

The present invention relates to the field of asysunetric 
catalysis. More particulariy, the invention relates to the field of 
Qiganometallic catatysts useful for enantiosdectively qxnddizing prochiral 
olefins. 
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Several advances in catalysis of asymmetric group transfer have 
occuned in recent yean. One such advance has been the discovery by KJB. 
Shaipless et al. of the q^oxidation of allylic alcohols which provides access to 
enantiomerically pure synthedc building blodcs. Unfortnnately» Sharpless 

5 catalysis requires the presence of a specific functional group, namely an allylic ^ 
alcohol, on the olefin to be q)oxidized. Naturally, tiiis requirement severely 
limits the variety of olefins which can be so q)Oxidized. 

Some success has been achieved in asymmetric catalysis of 
unfunctionalized olefins. For example, K3. Shaipless reported in 1988 that 

10 certain cinchona alkaloic} derivatives were effective ligands in the osmium- 
catalyzed asymmetric dihydroxylation of tnms- stilbene and various other 
olefins. This method provides a practical route to certain chixal diols, 
although cis olefitis afford poor results. 

Aside from the catalysts disclosed herein, it is believed that 

IS there currently exists no practical catalytic method for the asynun^c 

epoxidation of unfunctionalized olefins. Some progress has been made in this 
area through the use of chiral porphyrin complexes. In paxticular, J.T. Groves 
et al. rq)oited in 1983 the asymmetric epoxidation of st^ne by a chiral iron 
porphyrin catalyst. Unfortunately, the Groves system suffers several 

20 disadvantages, namely, the porphyrin catalyst is relatively difficult to prepare, 
oxidant proceeds to low substrate conversion, is limited to styrene derivatives, 
and achieves enantiomeric excess (ee) values of less than about 50 percent 

Q)OxvchTDman Synthesis 

Given the broad synthetic utility of q)Oxides, a simple, reliabb, 

25 and practical procedure for asymmetric epoxidation of simple olefins is clearly 
desirable. One class of chiral epoxide with synthetic utility is the group of 
compounds generally known as epoxychromans, or qK)xides of derivatives of , 
chromene. For example, the epoxide of 6-cyano-2,2-dimethylchiomene has 
been foimd to be useful in the synthesis of a compound known as ciomakalim. 

30 Two variations of cromakalim are shown in FIGURES 12 and 13. BoA of 



these are believed to be potassium channel activaton and have shown 
considerable promise as antihypertensive diugs. 

As can be seen in PIGUBES 12 and 13, the ciomakalim 
compounds have two enantiomeis. It is cunentiy believed that only one of 
these enantiomers, namely the 3S, 4R enantiomer, possesses the 
antihypertensive activity. Consequently, a method of making a more 
. enantiomerically pure q)oxide of the precursor cfaromene derivative is highly 
desixable. 

Taxpl Synthesis 

Taxol has omeiged as a promising anti-cancer drug in 
preliminary clinical trials. However, taxol is a highly comptec molecule 
which has not hcca fiilly syntiiesized and remains in short supply. Taxol may 
be considered to have two basic structural units, an N-b»zoyl-3-phenyl- 
isoserine side chain arid a hig^dy iimctioxial^ Ilie 
tetracyclic ring structure of the nucleus represents by far the greater synthetic 
challenge, one that has as yet not been met despite the concerted efforts of 
several leading laboratories. 

Consequently, a number of research groups are seddng 
semisynthetic routes of makmg taxol or analogs with taxol*like activity. Some 
of the new strategies involve side-chain synthesis and linkage to a naturally 
derived diterpene nucleus, or taxol congener. 

A ready source of the taxol congen^ 10-deacetyl baccatin m 
(10-DB m) has bera found. Chauviere, G., Guenard, D.; Ficot, F.; Senilh, 
v.; Poder, P. C.R.: Seances Acad. Sd., Ser. 2, 2Sfl: 501-03, 1981. Denis ct 
aL (J. Amer. Chem. Soc. llfi:S417, 1988) developed a method of converting 
10-DB m to taxol which utilizesi for the taxol C13 side chain, the protected 
form pR,3S)-N4)mzoyl-O-(l-eth0xyefliyl)-3-phmyl-isoserine. Denis, J.-N.; 
Greene, A.B.; Sena, A.A.; Luche, M.-I. J. Org. Chem. 51: 46-50, 1986. 

A more efficient method of syntbesizmg an optically pure C13 
side diain of taxol is desirable. 
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Chiral Catalysts and Oxidation of Sulfides 

The present invention also relates to the field of organometallic 
catalysts useful for enantioselectively oxidizing sulfides to sulfoxides. Given 
the broad synthetic utility of sulfoxides, a simple, reliable, and practical 
5 procedure for asymmetric oxidation of sulfides is clearly desirable. 

Asymmetric sulfide oxidation and olefin epoxidation strategies utilizing 
chiial oxaziridine derivatives have been developed with good to excellent 
success by Davis et al. Enantioselective catalysis of these reactions (and of 
asymmetric stoichiometric epoxidation) constitutes among the most interesting 

10 challenges in modem synthetic chemistry. To date, the only well-established 
and broadly successful methods for both these processes employ closely related 
Ti-tartrate-based catalysts with alkyl hydroperoxides as the terminal oxidant. 
Also, several chiral porphyrin complexes have been reported to catalyze both 
types of oxidation processes with modest selectivity using iodosylarenes as 

15 terminal oxidants. 

Catalvtic Disproportioriation of Hvdro gen Peroxide 

The enzyme catalase, which occurs in blood and a variety of 
tissues decomposes hydrogen peroxide into oxygen gas and water very rapidly. 
This catalytic disproportionation of hydrogen peroxide (also known as the 
20 calalatic reaction) protects aerobic cells from oxidative stress and therefore is a 
biologically important process. Thus, it is desirable to find compounds which 
can function like catalase. 



wo 93/03838 



PCT/US92/07261 



-5- 

STMMAKY or THE INVENTIQN 

Briefly slated, the ptesent invention is a diiial eata^ as wdl 
as a method of udng said catalyst for enantiosdectively qxnddldng a piocfaiial 
olefin. 

5 In accordance with a first aspect of the invention, the chixal 

catalyst has the following stnictine: 

wherein M is a transition metal ion, A is an anion, and n is dtfier 0, 1, or 2, 
At least one of XI or X2 is selected from the group consisting of silyls, aryls, 

10 secondary alibis and tertiary alkyls; and at least one of X3 or X4 is selected 
ftom the same group. Yl, Y2, Y3, Y4, Y5, and Y6 are independently 
selected from the groi^ consisting of hydrogen, halides, alkyls, aryl groups, 
sfliyl groups, and alkyl groups bearing hetero-atoms such as alkoxy and halide. 
Also, at least one of Rl, R2, R3 and R4 is selected ftom a first group 

15 consisting of H, CH3, CjH^, and primary alkyls. Furthermore, if Rl is 
selected from said first group, then R2 and R3 are selected from a second 
group consisting of aryl groups, heteroatom-bearing aromatic groups, 
secondary alkyls and tertiary alkyls. If R2 is selected from said first group, 
then Rl and R4 are selected from said second group. If R3 is selected from 

20 said first group, thra Rl and R4 are selected ftom said second group. If R4 is 
selected ftom said first group, then R2 and R3 are selected ftom said second 
group. 

In accordance with a second aspect of the invoition, the chiral 
catalyst has the following structure: 



25 



wo 93/03838 



PCrA;S92/07261 




wherein M is a transition metal ion and A is an anion; where at least one of 
XI or X2 is selected from the group consisting of aryls, primary alkyls, 
secondary alkyls, tertiary alkyls, and hetero atoms; where at least one of X3 oi 
X4 is selected from the group consisting of aryls, primary alkyls, secondary 
5 alkyls, tertiary alkyls, and hetero atoms; and where Yl, Y2, Y3, Y4, Y5, Y6, 
Zl, 72, Z3, Z4, Z5, Z6, Z7, Z8, 29, ZIO, Zll, and Z12 are independently 
selected from the group consisting of hydrogen, halides, alkyls, aryls, and 
aScyl groups bearing hetero atoms. 

In accordance with a third aspect of the invention, the chiral 

10 catalyst has die following stcnctuie: 




where M is a transition metal ion and A is an anion; where n is either 0, 1, or 
2; where at least one of XI or X2 is selected from the group consisting of 
aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero atoms; 
where at least one of X3 or X4 is selected from the group consisting of aryls, 
primary alkyls, secondary alkyls, tertiary alkyls, and hetero atoms; where at 



least one of Yl or Y2 is selected from the group consisting of aiyls, primaxy 
alkyls, secondary alkyls, teitiaxy alibis, and hetero atoms; whexc at least one 
of Y4 or Y5 is selected from the group consisting of axyls» pximaiy alicyls, 
secondary alibis* textiaiy allcyls, and hetero atoms; where Y3 and Y6 are 
independently selected from the group consisting of hydrogen and primary 
alkyl groups; where eidier one or two of Rl, S2, S3 and R4 is hydrogen; 
where, if Rl is hydrogen, then R3 is a primary alkyl; where, if S2 is 
hydrogen, then R4 is a primaxy alkyl; where, if R3 is hydrogen, then Rl is a 
primary alkyl; and whm, if R4 is hydrogen, then R2 is a primary alkyl. 

In accordance with a fourth aspect of the mvendon, chiral 
catalyst has the following strocture: 




where M is a transition metal ion and A is an anion; where n is rather 3, 4, S 
or 6; where at least one of XI or X2 is sdected from the group consisdng of 
aryls, primary alibis, secondary alkyls, tertiary alkyls, and h^ero atoms; 
where at least one of X3 or X4 is selected from the gtaap condsting of aiyls, 
primary alkyls, secondary alkyls, tertiary alibis, and hetero atoms; where at 
least one of Yl or Y2 is selected from the group consisting of aryls, primary 
allQrls, secondary alkyls, tertiary alkyls, and hetero atoms; wh&t at least one 
of Y4 or Y5 is selected from the group consisting of aryls, primaxy alkyls, 
secondary aS^ls, tertiary alkyls, and hetetb atoms; where Y3, and Y6 are 
independently selected from the group consisting of hydrogm and primary 
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alkyl groups; wheitRl and R4 are lians to each other and at least ooe of Rl 
and R4 is selected from the group consisting of primaiy alkyls and hydrogen; 
and where the caibons in the (Q^ portion have substitu»ts sdected from the 
group consistbg of hydrogen, alkyl, aryl, and heteroatoms. 

5 In accordance with the method aspect of the invention, a 

prochiral olefin, an oxygen atom source, and the chiral catalyst of one of the 
four aspects of the invention are reacted under such conditions and for such 
time as is needed to epoxidize said olefin. 

In accordance with an alternate method aspect of this invention, 

10 a pyridine-N-oxide derivative is used. Preferably, 4-phenylpyridme-N-oxide 
or 4-t-butylpyridine-N-oxide is used. More preferably, 4-phenylpyridine-N- 
oxide is used. 

The present invention of chiral catalysts and catalysis has 
provided certain advantages. First, the catalysts of the present mvention 

15 provide a means for catalyzing the enantioselective epoxidation of mono, di, 
and tri-substituted olefins without the need for a specialized functional group 
on the olefin to interact with tiie catalyst. In other words, tiie catalysts of the 
present invention are particularly suited for catalyzing the asynmietric 
epoxidation of unfunctionalized olefins. This is in contrast to the prior art 

20 catalysts, such as the Sbarpless catalyst, referred to above. 

Second, the preferred catalysts of the invention show lemaikable 
enantioselectivity in catalyzing the q)oxidation of dSi disubstituted olefins. 
See Example 1 below, wboe an ee of 85% was obtained with £is-fi- 
methylstyrene when catalyzed with the most prsfinred raibodiment of the first 

25 aspea. See also, the ee vahies for Bxaxiq)le 12 which uses the most prrferted 
catalyst of the fourth aspect of the present invention. As noted above, prior 
art catalysts have not provided ee values over 40% for cis, disubstituted 
olefins. 

Third, the catalysts of the present invention are relatively easy 
30 to synthesize, particularly as compared to the porphyrin systems disclosed in 
the prior aiL 



Briefly stated, yet anodier embodiment of the present invention 
is a method of producing an epmcydnoman using a diiial catalyst In 
accoidance with this mediod, a chranene derivadve, an oxygen atom source, 
and a diiral catalyst from those described bdow aie reacted under such condi- 
tions and for such time as is needed to qnxidize said chiomene derivative. 

The chiomene derivathre used in thepresot method has the 
followfaig structure: 




wherein Rl, R2, R3, R4, XI, X2, X3, and X4 are each selected ftom the 
group consisting of hydrogen, aiyls, primary alkyls, secondary alkyls, tertiary 
alkyls, and hetero atoms, and wherein no more tiian one of Rl and It2 are 
hydro^. 

HiB mantiosdective m^od of producing an epcnqrcfaroman has 
provided certain advantages. First, the preferred catalysts of the invoition 
show iMnaricable oiantioselectivi^ in catalyzhig die qioxidation of chromene 
derivatives. See Example 17 below, where an ee of 97% was obtained witii 
die 6-cyano-2,2-dimethylchromfflBe and tiie most preferred catalyst shown 
bdow. As noted above, prior art catalysts have not provided eevahies over 

40% for disubstituted oldins. 

Second, the presoit imrention provides an defective and condse 
route to epoxydirwnans with very high enantiosdecdvity. Eoantiomerically 
enriched epoxychromans aie vahiaUe intermediates for die syndwsis of chiral 
3,4-disubstituted dnomans. 

Thiid, the meflrad is effective wifli a wide varied oi substimted 

chromene dnxvatives. 
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Fourth, the catalysts of the present invention are relatively easy 
to synthesize, paiticulariy as compared to the porphyrin systems disclosed in 
the prior art. 

Yet another embodiment of the present invention is the method 
of enantioseiectively producing a cis-epoxide of a cinnamate derivative using a 
chiial catalyst. In accordance with this method, a cis-cinnamate derivative, an 
oxygen atom source, and a chiral catalyst selected from those described below 
are reacted under such conditions and for such time as needed to epoxidize 
said cis-cinnamate derivative. Even more preferably, the reaction takes place 
in the presence of a pyridine-N-oxide derivative. 

The cis-cinnamate derivative used in the present method has the 
following structure: 

At 




wherein A1-A5 are selected from the group consisting of hydrogen, aryls, 
primary alkyls, secondary alkyls, tertiary alkyls, hydroxyl, alkoxy groups, 
CI, Br, I, and amines. 

Still another embodiment of the present invention is the method 
of making a side chain of taxol or an analog thereof using a chiral catalyst In 
accordance with this method, a cis-dimamate derivative, an oxygen atom 
source, and a chiral catalyst selected from those described below are reacted 
under such conditions and for such time as needed to enantioseiectively 
q>oxidize said ds-cinnamate derivative. Even more preferably, the reaction 
takes place in the presence of a pyridine-N-oxide derivative. TTie cis- 
dnnamate derivative has the same structure as shown above. 

The epoxide of cis-q}oxide of the cinnamate derivative is then 
regioselectively opened (i.e., preferentially breaking one particular oxygiesa 
bond) to produce 3-phenyl isoserinamide daxvative. This 3-phrayl 
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isoserinamide derivative is liydrolyzed to produce a 3-plienyWso$eriiie 
derivative, which ia turn is reacted with benioyl chloride to fonn N-beiizoyl-3- 
phenyl-isoserine derivative. 

In yet anodier embodimoit of tUs invention, taxol is synthesized 

ushig a chixal catalyst. In accordance with this metiiod, aa etiiyl 
phenylpropidate is partially hydrogenated to produce a ds-ethyl dimamate. 
Then, tfie ds-e(hyl cinnamate, an oxygen atom source, and a chixal catalyst 
selected ftom tiiose described bdow are reacted under such conditions and for 
such time as needed to enantioselectively qxnddize said ds-etiiyl dnnamate. 
Even more piefeiably, tiip reaction talces place in tiie presence of a pyridine-N- 
oxide derivative. 

The epoxide of ds-q)oxide of the etiiyl ci nn a m a t e is tiien 
regioselectively opened to produce 3-i*enyl isoserinamide. This 3-phenyl 
isosetinamide is hydrolyzed to produce J-phmyl-isoserine, which in turn is 
reacted witii benzoyl chloride to form N-benzoyl-3-phenyl-isoserine. Next, tiie 
N-benzoyl-3-phenyl-iso8BrinB is reacted with 1-chloroetiiyl etiwr and a tertiary 
amine in metiiylene chloride to form N-ben2oyl-0-(l-etiioxyethyl)-3-phenyl- 
isoserine. Tljen, N-benzoyl-CKl-eflKixyethyI)-3-phenyl-isoserine is reacted 
with the alcohol shown below: 




Ibis resulting intermediate is converted to taxol by hydrolytically removing tiie 
l-^Q:9etfayl and R4 diains. 

The present metiiod of enantioselectivdy synthesizing the side 
chain of taxol has certain advantages. The preferred catalysts of flje tevention 
show lemarioble enantioselectivity in catalyzing tiie epoxidation of ds- 
dnnamate derivatives. The syntiiesis may begin witii rdatively inexpensive. 
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cthyl phenylpropiolatc. In particular, the addition of a pyridine-N-oxide 
derivative also increases the specificity and compledon of the qKmdadon. 

Briefly stated, yet another embodiment of the present invention 
is a method of enanrioselectively oxidizing sulfides using a chiral catalyst. In 
accordance with this method a sulfide, an oxygen atom source, and a chiral 
catalyst from those described below are reacted under such conditions and for 
such time as is needed to oxidize said sulfide. Preferably, the sulfide has the 
formula R1-S-R2 wherein Rl is any aromatic group and R2 is any alkyl group. 
Preferably, a cosolvent such as tetrahydrofixran, acetone or acetronitrile is 
employed. Also preferably, the oxygen atom source is either hydrogen 
peroxide or iodosylbenzene. 

Still another embodiment of the invention is a method of 
catalytic disproportionation of hydrogen peroxide using a catalyst of the 
present invention. In accordance with this method, hydrogen peroxide and a 
catalyst selected from those described below are reacted under such conditions 
and for such time as is needed to disproportionate the hydrogen peroxide to 
dioxygen and water. Preferably, the catalyst is a monometaUic (salen)Mn 
complex. Also preferably, the catalyst is mixed with a solvent such as EtOH, 

acetone, CHjClj, or HjO. 

The present invention, together with attendant objects and 
advantages, will be best understood with reference to the detailed descr5)tion 
below read in conjunction with the accompanying figures. 

^P TTO r>P5SCRTPTIQN OF TTfR DRAWINGS 

FIGURE 1 shows the generalized 2-dimensional structure of a 
catalyst of the first aspect of the present invention- 

FIGURE 2 shows the 2-dimensional structure of the most 
preferred catalyst of the first aspect of the present invention. 

FIGURE 3 shows the generalized 2-dimensional structure of the 
catalyst of the second aspect of the present invention. 
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FZGUSB 4 is a computer generated 3-diinensional view of the 
most pitfeixed catalyst of the present invendon in its proposed mo- 
intennediate state. 

FIGURES S A-SC aie views sfanilar to FIGUSE 4 iUustrating tiie 
steric hindrance believed to be responsible for the high enandosdectivity 
observed in the epoxidation of one of the prefeired substrates by the prefened 
catalysts of the present invendon. 

FIGURE 6 shows the geneialized 2-dinien5ional stnxctare of the 
catalyst of the third dspca of the present invendon. 

FIGURE 7 shows the generalized 2-dimemional structure of a 
the catalyst of the fourth aspect of the present invendon. 

FIGURE 8 shows the 2-diniensional structure of the prefened 
catalyst of the fourth asfpect of the present invention. 

FIGURE 9 is a 2-dim«isional rqmsentation of the theorized 
fovored approach of a prochisal olefin to a prefened catalyst of the first aspect 
of the invention. 

HOURE 10 is a 2-diinrasional rq)resentadon of the theorized 
favored s^roach of a piochiial olefin to a prefened catalyst of die second 
zspect of die invention. 

FIGURE 11 shows 2-dimensional structures for various 
embodiments of the present invendon widi die numbering system used in 
Examples 8-16. 

FIGURE 12 shows die structure of the chromene derivatives 
used in the present method. 

FIGURE 13 shows the structure of the 3S, 4R enantiomer of 
one cromalcalim conqpound. 

FIGURE 14 shows the structure of the 3S, 4R raantiomer of 
another cromakalim compound. 

FIGURE 15 shows die stmcture of 6-cyano-2,2-dimediyl-3,4- 

epoxychroman. 

FIGURE 16 shows die structure of taxoL 
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FIOUKE 17 shows the structure of the dnnamate derivatives 

used in the present method. 

FIGURE 18 shows the generalized structure and analogs of the 

3S, 4R enantiomer of the C-13 side chain of taxoL 

FIGURE 19 shows the structure of a preferred chiral catalyst 
used in asymmetric sulfide oxidation. 

FIGURE 20 shows the structure of another preferred chiial 
catalyst used in asymmetric sulfide oxidation. 

FIGURE 21 shows the face selectivity in sulfide oxidation 

reactions. * 

FIGURE 22 shows the generalized structure of a preferred 

catalyst used in catalytic disproportionation of hydrogen peroxide. 

FIGURE 23 shows the generalized structure of another preferred 
catalyst used in catalytic disproportionation of hydrogen peroxide. 

nPTATT Pn DRSrRIPTIQN Q F THE PREFERRED EMBQD^miS 

As noted above, the present invention is a chiral catalyst as well 
as methods of using said those catalysts for enantioselectively epoxidizing 
prochiial olefins, chromene derivatives and cis-cinnamate derivatives. 

The mtire disclosures of U.S. Patent Application No. 809,446 
ffled December 16, 1991 and U.S. Patent AppUcation No. 749,460 filed 
August 26, 1991, and of U.S. Patent Application No. 673,208 ffled March 21, 
1991 which application was in turn a continuation-in-part of U.S. Patent 
Application No. 496,992 ffled March 21, 1990 are incorporated herein by 
xefeieuce. 

TfiA vrr^ (T'ataiyrt of the Inventiou 

FIGURE 1 shows the structure of tiie first aspect of the present 

invention preferred chiral catalyst. 

The preferred catalysts of die present invention are salen 
deiivative-based complexes of a metal ion. The term "salen" is used herein to 
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refer to those ligands typically fomed thioagh a condensation reaction of two 
molecules of a salicylald^yde derivative with one molecule of a diamine 
derivative. While salen ligands are fonned fiom ethylenediamine derivatives, 
propyl and butyl diamines may also be used to give analogous salpn and salbn 
5 derivatives. Salen derivatives are pitfened and their general stnicture is 

shown in FIGURE 1. A salen derivarive where n is 0 is shown in FIGURE 2. 

As seen in FIGURE 1, the two nitrogens and the two oxygens 
are oriented toward the center of the salen ligand and thus provide a 
complexing site for the transition metal ion M. Preferably, this metal ion is 
10 selected from the group consisting of Mn, Cr, Fe, Ni, Co, Ti, V, Ru, and Os, 
More preferably, the transition metal ion is selected from the group consisting 
of Mn, Cr, Fe, Ni, and Co. Most preferably, the metal ion is Mn. - 
The selection of the anion, A, is not seen to be critical to the ^ 
performance of the catalyst. Preferably, the anion is selected from the group 
15 consisting of PF^, (aryl)4, BF4, B(aryl)4, haUde, acetate, triflate, tosylate, with 
halide or PF^ being more preferred, and chloride being most preferred. 

FIGURE 1 also shows the many sites available for substitution 
on the salen ligand. Of these sites, it is believed that Rl, R2, R3, R4, and 
XI, X2, X3, X4, Y3 and Y6 are the most important in this first catalyst. 
20 According to the first aspect of the invention, at least one of the 

XI and X2 sites, and at least one of the X3 and X4 sites include a substituent 
selected from the group consisting of secondary or tertiary alkyl groups, aryl 
groups, silyl groiq)s, and allyl groups bearing heteroatom substituents such as 
alkoxy or halide. For reasons to be discussed below, these wiU be referred to 
25 as "blocking" substituents. Preferably, it is the XI and X3 sites which bear 

one of these blocking substhuents. More preferably, XI and X3 bear the same 
substituent, which substituent is most preferably a tertiary alkyl group, such as 
tertiary butyl. Preferably, when XI and X3 bear the blocking substituent, then 
X2 and X4 can be selected from a group of non-bloddng substituents such as 
30 H, CH3, CjHj, and primary alibis, most preferably, H. Alternatively, either 
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three or four of XI. X2, X3, and X4 can be selected from the group of 
bloddng substituents. 

Accoxding to this first aspect of the invention, at least one and 
no more than two of Rl , R2, R3 and R4 are selected from a group consisting 

5 of H, CHj, Cyis, and primary alkyb. For convenience, and consistent with 
the present theory to be discussed below, this group will be referred to as the 
non-blocking group. If Rl is selected from the non-blocking group, then R2 
and R3 are selected from the blocking group. If R2 is selected from the non- 
blocking group, then Rl and R4 are selected from the blocking group. like- 

10 wise, if R3 is selected from the non-blocking group, then Rl and R4 are 
selected from the blocking group. Finally, if R4 is selected from the non- 
bloddng group, then R2 and R3 are selected from the blocking group. 

Stated in other terms, this first aspect of the invention requires 
that, of the four sites available for substitution on the two carbon atoms 

15 adjacent to nitrogen, either one or two of these wiJl inchide a substituent from 
the non-blockmg group. The invention also requires tiiat tiie remaining sites 
inchide a substituent from tiie blocking group. In addition, it is a requirement 
tiiat there not be two non-blocking substituents on the same carbon, and tiiat 
thoe not be two non-blocking substituents on'tiie same side on the two differ- 

20 ent carbons, i.e. not as across the nitrogen. 

Stated in yet another way, if tiiere is only one non-blocking 
SBbstiment, tiiat non-blocking substiment can be on any one of tiie four 
substitotion sites, Rl. R2, R3. and R4, and tiie otiier tiiree sites must inchide a 
blocking substituent. If, on tiie otiier hand, tiiere are two non-blocking 

25 substiments, tiien tiiey must be on different carbon atoms, and tiiey must be 

pans to each other. 

Preferably, tiie non-blockuig substituent is either hydrogen or 
mediyl, but most preferably, hydrogen. Preferably, tiie blodring substituent is 
eiflier a phenyl group or a tertiary butyl group, but most preferably a phenyl 

30 group. 



■ wo 93/03838 



PCrAJS92/07261 



-17- 

The substituents on the Y3 and Y6 sites affect the confonnation 
of the ligand and thus have an influence on enantioselectivity in die 
epoxidatioh. Preferably, Y3 and Y6 are hydrogen, mefliyl, alkyl, or aryl. 
More preferably, they are hydrogen or meUiyl. Most preferably, diey are 
S hydrogen. 

The Yl, Y2, Y4, and Y5 sites are seen to be less critical. 
Preferably, Uiese sites are occupied by hydrogen, although these sites may also 
be occupied by substituents hidependently selected ftom die grw^ consisting 
of hydrogen, halides, alkyls, aryls, allmxy groups, nitro groups. 
10 FIGURE 2 shows the structure of the most primed embodi- 

ment of tiiis first aspect of tiie present invention catalyst. As can be seen, tiie 
most piefened substitnent at XI and X3 is a t-butyl group. Also, it is most 
preferred for die Rl and R4 sites to have tire same bloddng group, namdy a 
phenyl group. In addition, tt is most preferred to have fl»e R2 and R3 sites 
15 occupied by a hydrogen. Finally, it is most preferred fliat die X2, X4, Yl, 
Y2, Y3, Y4, Y5, and Y6 sites are also all ocaqiied by a hydrogen. 

While not willing to be bound by any particular theory, the 
following mechanism has been pnqwsed to explain tiie remarkable enantio- 
selectivity of die first aspect of die present invention catalyst. Referring to 
20 HGURE 4, which is a 3-dimensional view of tiie R,R enantiomer of die most 
prefened catalyst in its proposed oxo-intermediate state, it is seen tiiat, witii 
important excqrtions, die salen ligand assumes a generally planar confonnatiDn 
widi tiie oxygen atom 11 being complexed witii tiie Manganese ion 13 and 
aligned on an axis generally perpendicular to this plane. The exertions are 
25 die tKt-butyl blocking groups attadied at the XI and X3 atcs 15 and 17 

respectively, and the phenyl blocking groups attached at die Rl and R3 sites 
21 and 23, respectively. Aldiough hard to dejdct in two dimensions, die 
phenyl blocking group 23 at R4 is bdnnd die phenyl blocking group 21 at Rl, 
while die R4 phenyl blocking group 23 is substantially above die plane of die 
30 catalyst and die Rl phenyl blocking group 21 is substantially bdow tiie plane 
of the catalyst. 
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FIGURES 5A-5C show the different transition orientations 
possible for a ds-disubstituted olefin, namely sis-methylstyrene, which are 
possible during q>oxidation of the double bond. 

FIGURE 5A shows the favored orientation, i.e. the orientation 
with the least steric hindrance between the olefin and the blocking groups of 
the catalyst. This orientation results when the double bond approaches the 
oxygen atom from the front (as shown). This orienution results in the 
formation of the 1R,2S enantiomer of the fiis-B-methylstyreneoxide. 

FIGURE 5B shows an orientation wherein methylstyrene has 
been rotated 180 degrees' thus bringing the phenyl group of the styrene closer 
to the t-butyl groups 15 and 17 at the XI and X3 positions. It is expected that 
steric hindrance between the phenyl group of the styrene 25 and the t-butyl 
groups 15 and 17 would disfavor tiiis orientation. 

FIGURE 5C shows an orientation resulting from the double 
bond approaching the oxygen atom from behind (as shown). This orientation 
results in the formation of the 1S,2R enantiomer of the sis-B-methylstyrene 
oxide. In this orientation the phenyl group of the styrene 25 is closer to the 
phenyl group 23 on the R4 site. Steric hindrance between these two phenyl 
groups would thus disfavor this approach ftom behind the oxygen atom, and 
thus disfavor synthesis of the 1S,2R enantiomer. 

In contrast, the orientation shown in FIGURE 5A results from 
an approach from the front, i.e. the side where the Rl phenyl group 21 is 
' below the plane of the catalyst, and thus not in the way. For this reason, the 
^roach depicted in HGURE 5Ais sterically fevored, and thus synthesis of 
the IR,2S enantiomer is favored. 

It should be borne in mind that, although the above-described 
mechanism accurately predicts the high degree of enantioselectivity observed in 
the catalysts of the present invention, the mechanism is at present only a 
tfieoiy. As such, the proposed mechanism should in no way limit the scope of 
the present invention as defined by the appended claims. 
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It is noted that synthesis of the 1S,2R enantiomer of the fiia-B- 
methylstyiene oxide is favored by using the S,S enantiomer of the catalyst. 

It is also noted that this most prefened catalyst has C, 
symmetry, i.e. it is identical when rotated 180 degrees. Consequertly, 
whether the oxygen atom is aligned on the top of the catalyst as shown, or the 
bottom of the catalyst, the result is exactly the same. 

In alternative embodiments, the catalyst has only approximate Ca 
^metry. In particular, as per the rules described above, the groups are 
positioned on R1-R4 so that when rotated 180% the blocking groups are in the 
same place and the non-blocking groups are in the same place. Consequentty, 
die enantioselectivity of the catalyst is maintained because the oxygen can be 
complexed to Mther side of die catalyst while achieving roughly the same : 

steric hindrances which fevor the a^iproach of the prochiial olefin from one 4 
side. 

In other altOTiative embodiments, the catalyst has only one non- 
blocking group. As a result, there is a favored approach only when the 
oxygen is aligned on one side of the catalyst Thus, the enantioselectivity of 

the catalyst is rruuntained. 

The Second Asnect of the Invention 

In accorxlance with the second aspect of the present invration, 
the chixal catalyst is made with a binaphthyl diamine and has the following 
genual structure (see also HGUSE 3): 
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In this binaphthyl embodiment, the transition metal ion M and 
the anion A are preferably selected from the same group as that discussed 
above with FIGURE 1. Also as above, it is required that at least one of XI 
and X2 together with at least one of X3 and X4 are occupied by a group 
selected group of blocking substituents consisting of secondary or tertiary alkyl 
groups, aryl groups, silyl groups, and alkyl groups bearing heteroatom 
substituents such as alkoxy or halide. Preferably, it is the XI and X3 sites 
which bear one of these substituents. More preferably, XI and X3 bear the 
same substituent, which substituent is most preferably a tertiary alkyl group, 
such as tertiary butyl. ' 

The substituents on the Y3 and Y6 sites affect the conformation 
of the ligand and thus have an influence on enantioselectivity in the 
epoxidation. Preferably, Y3 and Y6 arc hydrogen, mediyl, alkyl, or aryl. 
More preferably, they are hydrogen or methyl. Most preferably, they are 
hydrogen. 

The substituents Zl and Z2 affect the differentiation between the 
feces of the proposed metal oxo and thus have an influence on 
enantioselectivity in the q}Oxidation. Preferably, Zl and Z2 are hydrogen, 
ethyl, aDcyl, sflyl, or aryl. More prrferably, they are alkyl or aryl groups. 

The Yl, Y2, Y4, and Y5 sites on die catalyst of this second 
aspea are also seen to be less critical. As above, tiiese sites are preferably 
occupied by hydrogen, although these sites may also be occupied by 
substituents independently selected from the group consisting of hydrogen, 
halides, alkyls, aryls, alkoxy groups, nitro groups. 

As can be visualized, this binaphthyl alternative embodiment 
effects the same enantiosdectivity as that of the preferred catalysts shown in 
the other figures. In particular, tiie configuration of die binaphthyl ligand 
provides for one of tiie na?)hthyl groups to be above the plane of the catalyst 
and the oflier naphdiyl group to be bdow die plane of the catalyst, thereby 
favoring approach to the oxygen atom from one side. 
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Thft Third Asneet of the Invention 

HOUSE 6 shows the structure of the third aqMct of the present 
invention. In accordance with this aspect, the chiral catalyst has the foUowing 
structure: 



5 




* 



As with the first and second aspects, M is a transition metal ion 
selected from the group mentioned above, with Mn bdng the most pxefened. 

Likewise, A is an anion selected from the group mentioned 
above, witii CI bemg most pruned. 
10 Also, n can be 0, 1, or 2, but 0 is the most prefened. 

As with the first and second aspects, there is a blocking substi- 
tuent on dth^Xl or X2 or on both. This blocking substiturat is selected 
from the group consisting of axyls, primary alkyls, secondary alibis, textiary 
allc/ls, and hetero atoms. There is also a blocking substituent selected from 
IS the same group on either X3 or X4 or on both. Preferably, the blocking 

substituents are at XI and X3. More prefraably tibey are the same group, and 
most preferably the blocking substituents axe tett-butyl. 

As a pomt of (fiff erence with ttie first aspect, the third aspect 
requires a blocking substituent located at the following positions: at least one 
20 of Yl and Y2, and at least one of Y4 and YS. Tliese blocking substituents are 
selected from the group as those for X1-X4, namely the gtaap consisting of 
aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero atoms. The 
importance of these "side" blocking substituents will be discussed below. 
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In this third aspect, substituems Y3 and Y6 are indq)endently 
selected from the group consisting of hydrogen and piimaxy alkyl groups. 
Preferably, Y3 and Y6 are hydrogen. 

Also in diis third aspect, at least one of Rl, S2, S3 and R4 is 
5 hydrogen. Vfhert Rl is hydrogen, R3 is a pximaiy alkyl. Where R2 is 
hydrogen, R4 is a primaiy alkyl. Where R3 is hydrogen, Rl is a primary 
alkyL Finally, where R4 is hydrogen, R2 is a primary alkyl Preferably, Rl 
and R4 are both hydrogen and R2 and R3 are primary alkyls. Most 
preferably, R2 and R3 are methyl groups. 

10 As can be, seen, the catalyst of this tiurd aspect is similar to the 

catalyst of the first aspect with the exception that the third aspect requires 
blocking substituents at the side positions of the catalyst, i.e. on the Yl and/or 
Y2, and Y4 and/or Y5 sites. Also, either one or two of Rl, R2, R3 and R4 is 
required to be an hydrogen, with the remaining substituents at the R sites 

15 required to be primary, alkyls in the defined arrangement. The importance of 
this configuration and the proposed mechanism for the second catalyst are 
discussed below in connection with FIGURE 10. 



The Fourth Aspect of the Invention 

FIGURE 7 shows the structure of a catalyst of the fourth aspect 
20 of the invention. This catalyst has the following stnicture: 
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In this embodiment, tlie transition metal, M, and the anion. A, 
axe selected from the same groups as above, with the same pxefetences. 

Likewise, the substituents at XI, X2, X3, X4, Yl, Y2, Y4, and 
YS ate selected from the same groups as m the second catalyst described 
above with the same piefisiences. In other words, this embodiment requires 
blocking substituents at the "bottom" and "sides" as does the second catalyst. 
Most preferably, XI, X3, Yl, and Y4 are all t-butyl. 

Hie requirements and preferences for Y3 and Y6 are the same 
as with the third aspect. Preferably, Y3 and Y6 are hydrogen. 

As can b^ seen, this catalyst of the fouxth aspect of the invention 
includes a ring attached to the two nitrogen atoms, which ring is n-f 2 carbons 
long. In this catalyst, n can be 3, 4, S or 6. The carbons m the "Q" portion 
can have substiturats selected from hydrogen, alkyl, axyl, and hetero atoms. 
Preferably, the substitumts on the carbons in the *'Cb'' portion are hydrogen. 

In this fourth zspcdj Rl and R4 are configured so as to be trans 
to each other. Also, Rl and R4 are selected from the group consisting of 
primary alkyls and hydrogen. Prdierably, Rl and R4 axe the same. Most 
preferably, both Rl and R4 are hydrogen. Most prefmbly, this catalyst is 
used to epoxidize cis-dnnamate derivatives (see below). 

Conceptually, the carbons in the ring which are adjacent the 
carbons which in turn aro adjacent the nitrogen atoms are attached to what 
were shown as the R2 and R3 sites in the third aspect (FIGIJRE 6). Thus, this 
fourth aspect is, in some respects, a subset of the third aspect with the two 
ends of the n carbon diain (a primary alkyl) bdng attadied to the R2 and R3 
sites. 

One distmcdon between the third and fourth aspects is that the 
catalyst of the fourth aspect has Rl and R4 whidi can be either hydrogra or a 
primary all^l. 

FIGURE 8 shows a preferred embodiment of this fourth aspect 
ai the invention. As can be seen in this embodiment, the ring is six* 
membered, that is, n-4. Also, Rl and R4, which are tons to each other, are 
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hydrogen. XI, X3, Yl, and Y4 are all t-butyl. All other substituents axe 
hydrogen. 

FIGURES 9 and 10 illustrate the distinction between the 
mechanism proposed for the first and second aspects of the invention and the 
proposed mechanism for the third and fouith aspects. 

FIGURE 9, representing the first and second aspects, shows the 
proposed favored approach of the prochiial olefin. .^Tproach c is believed to 
be disfavored by the bulky t-butyl groups. Approach d is similarly 
unfavorable, due to the stenc bulk of the phenyl groups on the catalyst. 
Approaches a and b ars differentiated by the dissymmetry of the catalyst. As 
shown in the depicted embodiment, because the phenyl to the left is below the 
page and the phenyl to the right is above the page, it is predicted that approach 
b will be less favorable due to steric interactions between the olefin and the 
phenyl group. In the context of the more fivored approach from the left 
(approach a), it is predicted that the more fevorable approach of the olefin to 
the 0X0 group is such that the larger substituent on the olefin is oriented away 
from the t-butyl groups on the catalyst. 

FIGURE 10, rq>resenting the third and fourth aspects of the 
invention, shows the proposed favored approach of the olefin when the catalyst 
has side blocking groups. Jt is believed that, because of the side t-butyl 
groups at Yl and Y4, the approaches a from the left and b from the right are 
disfavored. Likewise, because of the bottom blocking groups at XI and X3, 
the s^roach c from the bottom is also dis&voxed. Thus, ^roach i from the 
top is &vored. In addition, because of the chiiality of the catalyst, the 
orientation of the prochiral olefin is also influenced. As shown in this 
depicted embodunent, because of greater steric hindrance on the right, the 
olefin is predicted to orient itself with the larger group on the left. 

Because approach j is theorized to be the favored approach, the 
groups at Rl and R4 are limited to hydrogen and primary alkyls« In other 
words, it is bdieved ibzi larger groups would block the s^roach d. 
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It should be noted that, although the above discussion is 
consistent with the observed results, the pxpposed mechanism for all four 
aspects of the invention is only theorized at this pomt Consequently, the 
explanation is not to be viewed as limiting the scope of the invention as 
5 defined in the appended claims. 

The preferred route to prepare the chixal catalysts of the present 
invention is a condensation leacdon with the substituted salicylaldehyde and 
the substituted diamine. In general, quantities of these compounds are reacted 
m a 2 to 1 molar ratio in absolute ethanoL The solutions are refluxed 
10 typically for 1 hour, an(^ the salen ligand is either precipitated in analytically 
pure form by addition of water, or the metal complex is generated directiy by 
addition of the metal as its acetate, halide, or triflate salt. 

The following procedure is general for the preparation of: 



Ph Ph 

«N^N«v /=N, ^N=rv X,.X, a tertiary 



(5.S) 



15 The salen ligand is redissolved in hot absolute etiianol to give a 0.1 M 

solution. Solid Mn(OAc)2»4H30 (2.0 equivalents) is added in one portion and 
the solution is refluxed for 1 h. .proximately 3 equivalents of solid liCl are 
then added and the mixUire is heated to refhix for an gririitfnna^ 0,5 h. 
Cooling the mixture to O'^C affords the Mn^ complex 1 as dark brown 

20 crystals which are washed thoroughly with Ufi and isolated by filtration in 
s75% yield. An additional crop of material can be obtained by dropwise 
addition of H2O to the mother liquor. Combined yields of catalyst are 89-96 % 
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for this step, and 81-93% overall from the optically pure 1,2-diphenylethylene 
diamine. Acceptable C, H, N, CI, and Mn analyses of each of the catalysts 
have been obtained (±0.4%), although these vary according to the extent of * 
water and ethanol incorporation in the powdery product. Enandoselectivities 
5 in the q)oxidation reactions did not vary among different batches of a given ^ 
catalyst, indicating that the solvent content of the catalysts does not influence 
its effectiveness. 

Another example of the method of pr^aiing the catalyst is 
described as follows: Most preferably, the starting diamine is R,R- or S,S- 
10 1 ,2-diamino-l ,2-diphenyIethane and the starting salicylaldehyde is 3-tert-butyl- 
salicylaldehyde. 

A solution of 2.0 mmol of 3-tert-butylsalicyIaldehyde in 3 ml of 
absolute ethanol is added dropwise to a solution of 1.0 mmol of (R,R)-1 ,2- 
diamino-l, 2-diphenylethane in S ml of ethanol. The reaction mixture is heated 

15 to reflux for 1 h and then 1.0 mmol of Mn(OAc)2*4H20 is added in one 

portion to the hot (60^C) solution. The color of the solution immediately turns 
from yellow to brown upon addition. It is refluxed for an additional 30 min 
and then cooled to room temperature. A solution of 10% NaCl (5ml) is then 
added dropwise and the mixture stirred for 0.5h. The solvents are then 

20 removed in vacuo and the residue is triturated with 50 ml of CB^Clj and 50 ml 
of HjO. The organic layer is separated and the brown solution was washed 
with samrated NaCl. Sq}aration of the organic phase and removal of solvent 
resulted in a crude material which was recrystallized from CA/C^^ to give 
0.938 mmol of the (R,R)-catalyst shown above (93.8%). 

25 In accordance with the q)oxidation method aspect of the 

invention, the prochiral olefin, an oxygen atom source, and the chiial catalyst 

are reacted under such conditions and for such time as is needed to epoxidize *. 

said olefin. 

The prochiral olefin can be selected from mono-substituted, 1,1- - 
30 disubstituted, cis-1 ,2-disubstituted. trans- l >2-disubstimted. tiisnbstituted, and 
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tetxasubsdtuted. Of these, the monosubstituted and sk'l ,2-disubstituted have 
shown the highest ee vahies. 

Preferably, the prochixal olefin to be epoxidized is selected from 
the group consisting of fiis-disubstituted olefins, including cyclic ol^s, bear- 
ing a sterically demanding substituent on one end and a smaller substituent on 
die other end. More preferably, the piochiral olefin is a sis disubstituted 
olefin with a primary substituent on one side of the double bond and a 
secondary, textiary, or aiyl substituent on the otiier side. 

The piochiial olefin can also be selected from the group 
consisting of enamines, enols, and alpha, beta-unsaturated caibonyls. More 
preferably, the prochiral olefin is selected from the group consisting of £is-B- 
methyi-styrene, dihydronaphthalene, 2-cydohexenyl-l,l-dioxolane, propylene, 
stymie and 2,2-dimediylchromene. Nfost preferably, the prochiral olefin is 
£i&-B-methylstyrene. 

The oxygen atom source used in the qoxidation reaction should 
be an oxidant which is relatively umsactive toward olefins under mild 
conditions. Preferably, the oxygm atom source is selected from the group 
consisting of NaOCl, iodosyhnesitylene, NaI04, NBU4IO4, potassium 
peroxymonosutfate, magnesium monqperoxypfatiialate, and h»a^anofenate 
ion. More preferably, the oxygen atom source is selected from the group 
consisting of NaOQ and iodosomesitylene. For economic reasons, the most 
prefened o^^gm atom source is NaOQ. 

A prefened method uses NaOQ as the oxygen atom source. 
For convenience tins metiiod will be designated METHOD A. Thed^ailsof 
METHOD A are as follows: 

A sohition of O.OS M NaaBA IOH2O (l.OmQ is added to a 2.5 
ml sohition of undituted commercial household bleadi (Chlorox). The pH of 
the resulting buffiued sohition is ^^proximately 9.5, and it is adjusted to a pH 
of about 10.5 by addition of a few drops of 1 M NaOH sohition. To this 
solution is added a solution of 0.02 mmol of the prefened catalyst and 1.0 
mmol of sis B methylstyrene in 2.0 ml of CBJOi. The two-phase mixture is 
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stined at room temperature and the reaction progress is monitored by capillary 
gas chromatography. After approximately 3 hours, 10 ml of CHjCl, is added 
to the mixture and the brown organic phase is separated, washed twice wi± 10 
ml HjO and once with 10 ml saturated NaCl solution, and then dried for 15 
minutes over anhydrous Na2S04- The solution is filtered and solvent is 
removed under vacuum. The residue is purified by flash chromatography on 
silica gel using a 20:80 mixture of CHjCliihexane as the eluting solvent. Pure 
epoxide is isolated as a colorless liquid in 7056 yield (0.70 mmol) by 
combination of the product-containing fractions and removal of solvent under 
vacuum. The optical purity of this material is determined to be 8596 ee by the 
method described below. 

In a slightiy less preferred embodiment, iodosyhnesitylene is 
used as tiie oxygen atom source. For convenience, this method is designated 
as METHOD B and has die following preferred detaDs: A solution of 1.0 
mmol of olefin, 8 ml CHjCl^ and 0.04 mmol of tiie catalyst are stirred at room 
temperature as solid iodosomesitylene is added in 0.3 mmol portions at 15-30 
minute intervals. Disappearance of starting olefin is complete after addition of 
6 portions (L8 mmol) of total iodosyhnesitylene. Solvent is removed in 
vacuo, the residue is extracted with hexane, and the mixture was filtered 
through Celite to remove catalyst and other solids. Pure epoxide was obtained 
by flash chromatography (lOg SiO,, CHjCyhexane 20:80 eluent). 
Enantiomeric excesses are determined by IH NMR using Eu(hfc)3 as a chiral 
shift reagent, or in die case of stilbene oxide by direa separation by HPLC on 
a commercial (Regis) covalentiy-bound leucine Piride column. Absolute 
configurations were assigned by comparison of oD with accepted literature 
values. 

An alternative method also uses a pyridine-N-oxide derivative as 
a coordinating ligand, in addition to NaOCl as tiie oxygai source. More 
preferably, 4-pheny^pyridine-N-oxide or 4-t-buty^yridine-N-oxide is used. 
Even more preferably, 4-phenylpyridme-N-oxide is used. 



-29- 

The trans-epoxide is a significant (about 25%) by-pnxluct of the 
epoxidation reaction. Preferably, the nuxture of diastereomeric products is 
enriched in the desixed ds- fonn by flash cfansnatography. Even more 
pliably, fsrlazgescalebatdies, nodmmiaiographyisnotpafbnned. 

The next stq)s are shown in Scheme 2. 

WC ^ IS* 

The qwxide mbcture is ipacted with ammonia in ethanol, whidi results in 
regioselective ring-opodng to the desired 3-phenyl-isoserine amide deiivative. 
Preferably, veiy Httle regioisomer is detected in the etude amide mixture by 
'H NMR. Next, diastereomerically pure S-phenyl-isoserinamide is isolated by 
lecxystallization of the ciude product mbdure. For conveaience ^ m^hod 
win be designated MBXHOD C. Ihe details of METHOD C are as follows: 

A sohition of 0.05 M Na^Oj • 1GH,0 (l.OmI) or other 
suttabie buff« such as phosphate is added to a 2.5 ml scdution of undihxted 
commeidal household bleach (Chlorox^. The pH of the resulting buffered 
sohidon is proximately 9.5, and it is adjusted to a pH of about 10.5-11.5 by 
addition of a few drops of 1 M NaOH sohition and cooled in an ice bafli to 
about 0-4' C. A separate sohition of 10 mmol of allsne and 2.0 mmol (or 20 
mol?6) of a pyiidine-N-oxide dnivative are dssohred in 10 ml of COf^a. 
N«ct, 0.05-0.6 nund ^.5-6 mol96) of catalyst 1 or 2 were added to die aUcene 
sohition and 
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cooled sq)aiately in an ice bath, When the two solutions were at (M** C, they 
were combined, and the two-phase mixture was stirwL The reaction progress 
was monitored by capillary gas chromatogra5)hy- Afto" about one to five 
houR, 200 ml of hexane was added to the mixture and the organic phase was 

5 separated, washed twice with 100 ml HjO and once with 100 ml saturated 
NaCl solution, and then dried for 15 minutes over anhydrous IJb^O^. The 
solution is filtered and solvent is removed under vacuum. The residue is 
purified by chromatogi5q}hy, distillation or crystallization. Pure qMJxides were 
isolated, and the optical purity of the materials were determined as described 

10 in more detail below. , 

Method of Chmmene Epoxidation 

As noted above, the present invention is a method of using a 
chiral catalyst to epoxidize a chromene derivative, thus producing an 
qwxychroman. The jtractnre of the chromene derivative is as follows: 




wherein Rl, R2, R3, R4, XI, X2, X3, and X4 are each selected from the 
group consisting of hydrogen, aryls, primary alkyls, secondary alkyls, tertiary 
aDcyls, and hetero atoms, and wherein no more than one of Rl and R2 are 
hydrogen. 
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It has been found that when both Rl and K2 axe hydrogen, Le. 
when the chromene is not substituted at the Rl and S2 locations, the qxndde 
is not fonned (see Example 24 below). 

PrefiBxably, Rl and R2 axe the same group. In this situation, the 
chromene derivative is pzochiial. 

Also, the chromene deiivative preferably includes an all^l group 
at both Rl and R2. More prrfeiably, the chxomene derivative includes a 
methyl group at Rl and R2. Most prefexably, the chromme derivative is 6- 
cyano-2,2-dimethylchromene, namely the precursor for making cromakalim. 
As mentioned above, this most prefexred chromene deiivative can be q^oxid- 
ized with a remarkably high degree of enantioselectivity to the epoxychroman 
useful in producing mantiomerically pure cromakalim (see Example 17 
below). 

As noted above, this embodunent of the present invention has 
been found to produce ranaikable enantioselectivity in the epoxidation of 
chromene derivatives. In addition, the catalysts of the present invention have 
been found to provide rranaikably high yields (See Examples 17-23, and 25 
below). The catalyst of the fbuith aspect (FIG. 8) above is the most prefened 
catalyst used in the present method. Experiments have shown that when a 
racemic mixture of the chiial catalysts are used in ibG reaction that relatively 
high yields of a racemic mixture of the epoxydiromans are achieved. 
Consequentiy, in accordance with a less prefoxed embodiment of tiie 
invention, when a racemic mixture of the epoxydtaomans is desixable or 
accq>table, a lacCTUc mixture of the ddral catalyst is used with the chromene 
derivatives. Nevertheless, because enantiomcrically pure q)oxychromans arc 
typically highly desirable, particularly as synthetic precursors, enantiomerically 
pure chixal catalysts are deady prefened. 

In accordance witii the ^oxycfaroman synthetic metiiod of the 
present invention, the chromene derivative, an oxygen atom source, and the 
chixal catalyst are reacted under such conditions and for such time as is needed 
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to cpoxidize said chromcne derivative. Alternatively, a pyridine-N-oxidB 
derivative is added to the reaction mixture. 

The oxygen atom source used in die cpoxidation reaction should 
be an oxidant which is relatively unreactive toward olefins under nrild 

5 conditions. Preferably, the oxygen atom source is selected from die group 
consisting of NaOCl, iodosylmesitylene, NaI04, NBU4IO4, potassium peroxy- 
monosulfete, magnesium monoperoxyphtiialate, H^Oj, peroxybenzoic arid 
derivatives, and hexacyanofenate ion. More preferably, tiie oxygen atom 
source is selected from the group consisting of NaOCl and iodosylmesitylene. 

10 For economic reasons, the most preferred oxygen atom source is NaOCL 

In the most preferred method for chromene epoxidation, NaOCI 
is the oxygen atom source, as described above for MEmOD A. In a slightiy 
less preferred embodiment, iodosyhnesitylene is used as die oxygen atom 
source, as described above for MEIHOD B, Alternatively, a pyridine-N- 

15 oxide derivative and NaOCl are used, as described in MEIHOD C. 

Method of ^oxidation of cis-Cinnamate Derivatives and 

Preparation of Taxol Jntermediate js and Analogs 

As a first step in tiie synfliesis of die C-13 side chain of taxol, 

commercially available etiiyl phenylpropiolate is paitiaUy hydrogenated to ds- 

20 etiiyl cinnamate over commercial lindlar's catalyst (Scheme 1 bdow). 

Because the reaction was observed to be more enantioselective, etiiyl 

phenylpropiolate is preferred over mediyl phenylpropiolate as a starting 

material. 

o 

LMIar cat (f?,;?-4 (6 niott4) 

4.Ph^)yO (0^5 •qoiv.) s^u^M 

19% trans tsomar) 

25 The cis-ethyl cinnamate thus obtained has been observed to 

contain small amounts (about 5 %) of ovraeduced material and starting allqrne. 
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However, these impurities do not appear to interfere witli subsequent steps and 
are easily removed later in the synthetic sequence. 

Next, ds^yl cin m-ate is q)oxidized with conunerdal bleach 
in the presence of one of the chiral catalysts discussed above as the first, 
S second thiid and fourth embodimoits of the inventkm. Most prefeRd>ly, the 
fouxth embodment of the invention (the (R,R) S catalyst of Figure 8) is 
onployed and is shown bdow: 

_ "-ft 

In the presence of this enantioselective catalyst, tfie cis-ethyl dnnamate was 
10 observed to epoxidize to the OEt,RH+) enantiomer of the cis-epoxide. 

Preferably, 4-pheny^yiidine-N-oxide is added to the epoxidation 
mfartuie. This coordinating Hgand appears to markedly enhance reaction 
compledon and enantiosdectivity. With die use of 4-phenylpyridine-N-oxide, 
the (R,RH+)- enantiomer of ds-ethyl cinnamate qioxide was m excess of 96- 
15 97%. Either a less preferred pyridme-N-oxide dmvative, or 4-t-butylpyridine- 
N-oxide may be used, but 4-phenylpyiidme-N-oxide is prefiBned. 

The trans-q)oxide is a significant (about 25%) by-product of the 
epoxidation reaction. Prefrably, die mixture of diastereomeric products is 
enriched in the desired ds- form by fhisb chromatography. Even more 
20 prefaably, for large scale batches, no chromatography is not performed. 
The next steps axe shown in Scheme 2 below. 



Schsme 2 



NH, 



I'l 1)Ba(0H), IJJL NaHCO, 



COaEl E.OH 1 2,H^04 2)HCI 
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The epoxide mixtuxe is reacted with ammonia in etlianol, which xesolts in 
legioselecdve lingHTpening to the desixed 3-phenyl-isoserine amide derivative. 
Very little rsgioisomer has been detected in die crude amide mixture by 'H 
NMR. Next, diastereomerically pure 3-phenyl-isoserinamide was isolated by 
xecrystallization of the crude product mixture. 

The 3-phenyMsoserinamide is hydrolyzed to remove ttie amide 
group. Preferably, the hydrolysis is effected without epimerization. Even 
more preferably, the hydrolysis is effected by using BaCOH)^ in water. 

Next, the hydrolyzing salt is acidified and precipitated. 
Preferably, if BaCOH), salt is used for hydrolysis, it is next precipitated out of 
the solution by addition of sulfuric acid. 

Next, 3-phenyl-isoserine is obtained directly by crystalIi2ation of 
the product mixture. This enantiomerically enriched 3-phenyl-isoserine is used 
to prepare a wide variety of taxol analogs. Preferably, the taxol side chain 
benzoyl derivative is prepared from 3-phenyl-isoserine. 

The taxol side chain is prg}ared by adding to the 3-phenyl- 
isoserine formed above benzoyl chloride and sodium bicarbonate in an acid 
two-phase reaction. Subsequently, the benzoic acid by-product is extractively 
removed by stirring the solid product mixture with ether and ethanol. Finally, 
pure N-benzoyl-3-phenyl-isoserine is collected by filtration. The material thus 
obtained was determined by polarimetry to have an ee of more than 97% and 
to have the same absolute configuration as the side chain from natural taxoL 

The N-benzoyl-3-phenyHsoserine is reacted to produce N- 
benzoyl-0-(l-ethoxyethyI)-3-phenyl-isoserine, which in turn is reacted with a 
tertiary aminft activating agent and 7-triethylsilyl baccatin III to form a C-2', 
C-7-protected taxol derivative. This derivative is treated with add in ethanol 
to produce taxol. 

While not wishing to be bound by this theory, it appears that 4- 
pheny^>yridine-N-oxide effectively increases the success of the 
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enantiomeiically sdection and complete qxsxidation of cis-ethyl dnnamate to 
the (R,R)-(+)-eiiantiomer of the ds-qxndde. In the absence of 4-phenyl- 
pyridine-N-oxide, q)oxidation is 10-15% less selective and is less complete, 
even when 15-20 mol% more catalyst is used. Control experiments indicated 
that the pyridine-N-oxide derivative did not act as the oxygen-atom souxce, but 
rather as a coordinating ligand. Ita^ypeaistfiat coordination of pyridine-N- 
oxide derivative to the mildly Lewis addic MnOD) and/or Kfii(V) oxo 
intennediate helps prevent the metallic center from remaining complexed with 
by the cartx>nyl functionality on the substrate in a non-product coordination 
mode. Thus, the pyiidine-N-oxide derivative appears to prevent 
decomposition reactions and improve catalyst stability with certain ol^ns, 
although not all olefins. 

The enantioselectivity of the reaction was also found to be quite 
sensitive to the identity of the ester group on the starting material, with ds- 
methyl dnnamate being qxixidized under similar conditions as ds-ethyl 
dnnamate, but in only 87-89% enantiomeric excess. 

The advantages of this synthetic m^od are that it begins with 
commercially available ethyl phenylprppiolate and employs hydrogen gas, 
household bleach, ammonia and barium salts as stoichiometric reagoits. 
Another advantage is the high optical and chemical purity of N-baizoyl-3- 
phenyl-isoserine. As will become apparent in the ^camples 29 to 39 below, 
the yields of each of the individual stqps are accqitable for a conunexdally 
feasible process, even though they have not yet been conq>letdy q)timized. 
The catalytic spedfidty, procedural simplidty, ine3q)ensive reagents and 
avoidance of preparative duomatogrqihic separations xcadsts tiiis synthetic 
mettiod a most practical route to enantiomeiically pure 3-phenyl-isoserine 
derivatives. 



Method of Sulfide Oxidation 
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As noted above, the present invention is a method of usmg a 
chiial catalyst to enantioselectively oxidize a sulfide to a sulfoxide. The 
method involves reacting a sulfide, an oxygen atom source, and a chiial 
catalyst under the pxuper conditions to oxidize the sulfide. Preferably the 
sulfide has the formula R1-S-S2 where Rl is any aromatic group and S2 is 
any alkyl group. Preferably, the oxygen atom source is hydrogen peroxide or 
iodosylbenzene and preferably, a cosolvent such as tetrahydrofiiran, acetone, 
or acetonitrile is used. 

As described above, for enantioselective qx)xidation by the 
(salen)Mn catalysts, aqu^us sodium hypochlorite was used as the 
stoichiometric oxidant. However, the reaction between sulfides and sodmm 
hypochlorite was too rapid for this oxidant be useful for enantioselective 
sulfide oxidation reactions. Iodosylbenzene was tried because iodosylarenes 
react slowly with sulfides. It was found that iodosylbenzene did indeed serve 
as an dfective oxygen.atom source. Howev^, iodosylarenes are impracdcable 
as stoichiometric oxidants due to their instability in the solid state, their lack of 
sohibility, their relatively high cost and the high molecular weight of the 
byproduct of oxygen transfer, an iodoarme. 

Hydrogen peroxide was determined to be a good oxidant for 
sulfide oxidation. Hydrogen peroxide gave higher yields of sulfoxide, minimal 
overoxidation to sulfone and identical enantiosdecdvities to those observed 
with iodosylbenzene. This suggests that both oxidants generate a conmion 
Mn(V) 0X0 reactive intermediate. 

To facilitate die reaction, a cosolvent was used. The cosolvent 
miDimized the catalase-decomposition of hydrogen peroxide by the catalysts 
and a complete conversion of sulfide was accomplished with less than 6 
equivalents of oxidant. 

Generally, catalysts derived from l^l-diaminocyclohracaneand 
1,2-diphenylethylene diamine were more selective than those prepared fiom 
other synthetically less accessible diamines. FIGURES 19 and 20 show the , 
structures of die preferred catalysts. Specific catalysts based on these, wero 
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tested for asymm^c sulfide oxidation and Example 40 lists the results of the 
tests. 

Catjiiytfe Pispropprtiop^tipn of Hydrogen PgroxW? 

As mentioned above, the decomposition of hydrogen peroxide 
5 into oxygen and water is a biologically impoitant process. All of the catalysts 
described so far are useful in the catalytic dispropoitionation of hydrogen 
peroxide. However, for this particular reaction, the catalysts do not have to 
be chiial. Thus, any catalyst having the following formula will function in the 
decomposition reaction: . .. 




10 wherem M is a transition ion, A is an anion, n is either 0, 1, or 2 and XI 
throu^ X14 are independently selected from the group consisting of 
hydrc^en, halides, alibis, aryls and alkyl groups bearing hetero atoms. 

The catalysts of the present invoition are stable, easy to 
synthesize, have a low molecular wdght and a high catalytic activity. In £act 

IS their catalytic activity is comparable to any synthetic catalase mimic developed 
to date. The preferred catalysts are the monometallic (salen)Mn complexes 
shown in HGUKES 22 and 23. 

To carry out the dispropoitionation reaction, the catalyst is 
mixed with a solvit such as EtOH, acetone, CHiClif or H3O and then 

20 hydrogen peroxide is added. 
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EXAMPLES 

The following examples are provided by way of e3q)]aiiation and 
illustiatioa. As sach, these examples are not to be viewed as limiting the 
scope of the invention as defined by the qjpended claims. 
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Prenaratian nf the CatahKbs 

nrocedum for flie Preparatioii of Chiral Salen Based Catalysts 

Prqjaxation of: 




A solution of 360.5 mg (2.0 mmol) of 3-teit- 
butylsalic^laldehyde in. 3 ml of EtOH was added dippwise to a solution of 
212.3 mg (1.0 mmol) of (R,R)-l,2-dianuni>-l,2-d^henyletlianein S ml of 
EtOH. Hie xeaction mixture was heated to reflux for 1 h and wato- (5 taS) 

10 was added. The oil that sqiarated solidi&d upon standing. Reoystallization 
fitom MeOrnHjO gave 485.8 mg ^1 %) of yellow powder, mp 73-74"C. 'H 
NMR (CDQa) « 1.42 (s, 18H, CHj), 4.72 (s, 2H, CHN=C). 6.67-7.27 (m, 
16H, AtH), 8.35 (s, 2H, CH«N), 13.79 (s, 2H, AiOH) ppm; 13C NMR 
(CDCy S 29.3, 34.8, 80.1, 117.8, 118.5, 127.5, 128.0, 128.3, 129.6, 130.1, 

15 137.1, 139.5, 160.2, 166.8 ppm. Anal. Calcd. for Cj^HwNjQj- C, 81.17; H, 
7.57; N, 5.26. Rmnd; C, 81.17; H, 7.60; N, 5.25. 

((R,R)-l,2-Olphenyl-l,2-bis(3-tert-buQrlsalicyIldeamiiio)etha]ie)- 
manganesedD Complex (3). 

Under strictly ai-ftee conditions, a solution of 64.0 mg (1.6 
20 mmol) oS NaOH in 2 ml of MeOH was added dropwise to a solution of 426. 1 
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mg (0.8 mmol) of 1211 in 5 ml of EtOH with stirring vndex an atmoqilieie of 
mtrogeo. A solution of 196.1 mg (0.8 mmoQ of Mn(OAc)2*4HjO in 3 ml of 
MeOH was added lapidly and the oiange mixture was stizied for 24 hr. Hie 
solvent was removed in vacuo and the residue was stirred wi& 5 ml of 
5 benzene and iilterBd to remove NaOAc. Hie filtiate was concoitrated to idiout 
1 ml and 3 ml of hexane was added. The mixture was cooled to -30"C and 
the precipitate was collected by filtration to give 410.2 mg (87%) of orange 
powder. Anal. Calcd. for Cj4H„MnNA-(CH30H) 0.5; C, 72.86; H, 6.70; 
N, 4.66. Found: C, 73.05; H, 6.76; N, 4.39. 

10 ((R,R)-l,2.DlphenyI-l,2-bis(3.tert.butylsaUcyUdeaiii^ 
manganesedll) Hexafluoraphosphate ((R^)-l). 

A solution of 165.5 mg (0.5 mmol) of fenocenium hexafluoio- 
phosphate in 2 ml of CH3CN was added dropwise to a solution of 292.8 mg 
(0,5 mmol) of {3) in 3 ml of O^CN under Nj. The reaction mixture was 

15 stirred for 30 min and the solvent was removed in vacuo. The residue was 
triturated with 5 ml of hexane and filtered. The solid was then washed with 
hexane until the filtrate was colorless and dried under vacuum to give 360.5 
mg (93%) of ill as a brown powder. IR (CHjCy 2955, 1611, 1593, 1545, 
1416. 1389, 1198, 841 cm ^ Anal. Calcd. for CafiHasFfiMnNAP* (H20)L5 • 

20 (CH3CN)0.5: C, 56.93; H, 5.30; N, 4.57. Found: C, 57.11; H, 5.50; N, 
4.50. 
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The salicylaldehyde derivative (41 was prepared by the following sequence 
using well-established procedures in each step: 



4 



(R,R)-l;^■Diphenyl-l,2-bis(3-diphenylmethyIsflylsaUqrUdeamino)e& (5) . 

A solution of 348.3 mg (L09 mmol) of 14) and 116.0 mg 
(0.546 mmol) of (R,R)-l,2-dianiino-l,2-dq)henylethanein S ml of ethanol was 
heated to reflux for O.S h. A bri^ yellow oil separated from the solution and 
10 it solidified upon standing. The mixture was filtered and the yellow solid was 
washed with 2 x S ml ethanol. The isolated yield of product pure by NMR 
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analysis was 416 mg (97%). 'H NMR (CDCI3) 80.95 (s, 3H), 4.68 (s, 2H), 
6.72-7.55 (m. 36H, ArH), 8.37 (s, 2H). 13.34 (s, 2H) ppm. 

((RJ[l)-l,2-Diphenyl-l>bis(3-dipheiiylmethyIsflylsaUcyUdca^ 
manganesedn Complex {61. 

S Under strictly air-finee conditions, a solution of 32«0 mg 

(0.48 mmol) of KOH in 2 ml of ethanol was added diopwise to a suspension 
of 195 mg (0.24 mmol) of IS in 3 ml of ethanol with stilling. The 
heterogeneous mixture was stirred for 20 min, and a solution of 51.5 mg 
(0.24 mmol) of Mn(OAc)2«4H20 in 3 ml of MeOH was then added r^idly. 
10 The yellow-orange mixmre was stirred for 8 far. at room temperature, then 

refhixed under Nj for 4 hr. The solvent was removed in vacuo and the residue 
was washed with 5 ml of methanol, 5 ml of ethanol, and isolated by filtration. 
The yield of orange product was 188 mg (90%). This mateiial was used in 
the next step without any fiiith^ purification or analysis. 

15 ((R,R).i;UDiphenyl.l,2-bis(3-diphenyhnethyIsflylsaKqrBdeamino)rf^ 
mai^anesedlD Hexafluorophosphate ((R,R)-1(2)- 

A solution of 72 mg (0.217 mmol) of fraocenium h«afhion>- 
phosphate in 2 ml of C^CN was added dippwise to a sohition of 188 mg 
(0.217mml)ofl61in3mlof CHjCNunderNj. The reaction mixture was 
20 stilted for 30 min and the solvrat was r^oved in vacuo. ITie solid residue 
was then washed with hexane until the filtrate was colorless. The brown 
powder was dried under vacuum to give 201.3 mg (92%) of £3. Anal. Calcd. 
for C54H46F6MnNj02PSi2«(CH3CN)1.5*(HjO): C, 62.77; H, 4.85; N, 4.50. 
Found: C, 62.89; H, 4.47; N, 4.57. 
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Preparation of: 




2,2'-Bis(3-teit-ButyIsaUgrBdeainino)-14'*Bixmpbthyl. 

A solution of 725 mg (4.0nimol) of 3-teit-butyI-salicylaIdehyde 
5 in 6 ml of HOH was added dnDpwise to a solution of 569 mg (2.0 mmol) of 
(+)-2,2'-diamino-l,l*binaphthyl in 5 ml of EtOH. The reaction mixture was 
heated to reflux for 8 h.and then volatile materials were rmioved under 
vacuum. The residue was purified by flash chromatography on 80 g Si02, 
using 20% CH2CI2 in hexane as eluent. The mobile yellow fraction was 
10 collected and solvents were removed under vacuum to give 725 mg (L20 
mmol, 59% yield) of the diimine as a yellow powder. 

lyr»BinaphthyI-2^'-bis(3-tert-ButylsaUqrUdeainino)*Dianganese(I^ 
Complex. 

Under strictly air-free condidons, a solution of 2 mmol of KOH 
15 in 2 ml of MeOH is added dropwise to a solution of 1 mmol of 2,2'-bis(3-tert- 
butylsalicylideaniino)-l,r-binaphthyl in 5 nd of EtOH with stirring under an 
atmosphere of nitrogen. A solution of 1 nunol of Mn(OAc)2*4H30 in 3 ml of 
MeOH is added rapidly and the orange nuxture is stirred for 24 hr. The 
solvent is removed in vacuo and the residue was stirred with 5 ml of benzene 
20 and filtered to remove KOAc. The filtrate is concentrated to dryness to afford 
the Mn(II) complex as an orange powder. 



wo 93/03838 



PCT/US92/07261 



.44. 

14'-Biimpbtbyl-2»2'-bis(3-tert-ButyIsaUcyUdeaiiuno)-manga^^ 
Hexafluorophosphate. 

A solution of 165.5 mg (0.5 mmol) of ferrocenium hexafluoro- 
phosphate in 2 ml of CH3CN is added dropwise to a solution of O.S mmol of 
5 1,1 '-binaphthyl-2,2'-bis(3-tert-butylsalicylideamino)-manganese(II) complex in 
3 ml of CH3CN under Nj. The reaction mbcture is stirred for 30 min and the 
solvent is removed in vacuo. The residue is triturated with 5 ml of hexane 
and filtered. The solid is then washed with hexane until the filtiate is colorless 
and dried under vacuum to give the Mn(III) sialt as a deep green powder. 

10 Preparation of: 




No precautions to exclude air or moismre were necessary in this 
procedure. A solution of 360.5 mg (2.0 mmol) of 3-tert-butylsalicylaldehyde 
in 3 ml of absolute ethanol was added dropwise to a solution of 212.3 mg 

15 (1.0 mmol) of (R,R)-l,2-diamino-l,2-diphenylethanein 5 ml of ethanol. The 
reaction mixture was heated to reflux for 1 h and then 245.1 mg (1.0 mmol) of 
Mn(OAc)2«4H20 was added in one portion to the hot (60*'C) solution, ^pon 
addition, the color of the solution immediately turned from yellow to brown. 
It was refluxed for an additional 30 nun and then cooled to room temperature. 

20 A solution of 10% NaCl (5 ml) was then added dropwise and the mixture 

stirred for 0.5 h. The solvent was then removed in vacuo and the residue was 
triturated with 50 ml of CH2CI3 and 50 ml of HzO. The organic layer was 
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separated and the brown solution was washed with satuiated NaQ. Separation 
of the oiganic phase and removal of solvent afforded crude matmal which was 
rtcrystallized from CA/CaHn to give 591 mg (0.938 nunol) of the chloride 
salt of 01 (94%). Anal. Calcd. for C3«H3,ClMnN2O2»(H2O)0.5: C, 68.63; H, 
5 6.24; N, 4.45. Found: C, 69.01; H, 6.26; N, 4.38. 



Procedure for the preparation of the most preferred catalyst of the 
fourth aspect of the invention 

(R^)- and (S9S)-l,2rbis(395-di-tert-butyIsaIicylide-amino)cyclohexane 



10 3,5-Di-t-butylsalicylaldehyde ^.0 equivalents) was added as a 

solid to a 0.2 M solution of (R,R) or (S,S) 1,2- diaminocydofaexane (1.0 
equivalent) in absolute ethanol. The mixture was heated to reflux for 1 hr. 
and tiien H2O was added drqpwise to the cooled bright yellow solution. The 
resulting yellow crystalline solid was collected by ISltration and washed with a 

15 small poition of 95% etiianol. The yield of analytically pure salen ligan 
obtained in tius manner was 90-97%. 

Spectroscopic and analytical data for the salen ligand: NMR 
(CDQa) 5 13.72 (s, IH), 8.30 (S, IH), 7.30 (d, J ^ 2.3 Hz, IH), 6.98 (d, J 
» 2.3 Hz, IB), 3.32 (m, IH), 2.0-1.8 (m, 2H), 1.8-1.65 (m, IH), 1.45 (m, 

20 IB), 1.41 (s, 9H), 1.24 (s, 9H). "^C NMR (CDQ,): 6 165.8, 158.0, 139.8, 
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136.3, 126.0, 117.8, 72.4, 34.9. 33.0, 31.4. 29.4, 24.3. Anal. Calcd for 
C„H,4N,0j: C, 79.07; H, 9.95; N, 5.12. Found: C. 79.12; H, 9.97; N, 5.12. 

(R,R)- and (S,S)-[l,2-bis(3,5-di-<ttt-butylsalHgrBde-aiiiino)cydohexanel- ' 
manganeseODI) chloride. 

5 The salen ligand immediately above is ledissolved in hot 

absolute etbanol to give a 0.1 M solution. Solid Mn(OAc)2«4H2O0.5 
equivaloits) is added in one portion and die solution is lefbixed for 1 hr. 
^proximately 5 equivalents of solid liQ aie thai added and the ndxtuie is 
heated to i^ux for an additional 0.5 hr. Cooling tfje mixture to O'C and 

10 addition of a volume of water equal to the volume of the brown ethanolic 
solution to afford the Mn(III) complex as a dark brown powder which are 
washed thoroughly with HjO, and isolated by filtiation in 81-9396 yield. 
Acceptable C, H, N, CI, and Mn analyses of die catalyst have been obtained 
(±0.4%), but these vary according to the extent of water and ethanol 

15 mcoiporation in the powdery product. Enantioselectivities in the epoxidation 
reactions are invariant with different batches of a given catalyst, indicating that 
the solvent content of the catalyst does not influence its effectiveness. 

Analytical data for this catalyst: Anal. Calcd for 
CaAjClMnNA^CyijOH: C, 67.19; H, 8.31; CI, 5.22; Mn, 8.09; N, 4,12: 

20 Observed: C. 67.05; H, 8.34; CI, 5.48; Mn, 8.31; N, 4.28. 

Procedures for the Asymmetric Epoxidation of Chromene Derivatives 

Method A (NaOCl as oxygen atom source): 

A solution of 0,05 M Na2B4O7*10H2O (1.0 ml) was added to a 2.5 ml 
solution of undiluted commercial household bleach (Clorox^. The pH of the ^ 
25 resulting buffered solution was proximately 9.5, and it was adjusted to a 
pH of 10,5 by addition of a few drops of 1 M NaOH solution. To this 
solution was added a solution of about 0.005 to 0.02 nunol of the catalyst and 
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about 1.0 mmol of olefin in 2.0 ml of CHjCl,. The two-phase mixture was 
stirred at room temperature and the reaction progress was monitored by 
capiUaiy gas chromatography. Reactions were complete within approximately 
1-5 boun. After the reaction was complete, 10 ml of CH2CI2 was added to the 
S mixture and the brown organic phase was separated, washed twice with 10 ml 
H2O and once with 10 ml saturated NaCl solution, and then dried for 15 min 
over anhydrous Na2S04. The solution was filtered and solvent was removed 
under vacuum. The residue was purified by standard procedures using flash 
chromatogiaphy on lOg of silica gel using a mixture of CHijCls/hexane as the 

10 eluting solvent Pure epoxide was isolated by combination of the product- 
containing fractions and removal of solvent under vacuum. Enantiomeric 
excesses were determined by NMR using EuGifc)3 as a chiral shift reagent, 
or in the case of stilbene oxide by direct sqiaration.by HFLC on a commercial 
^gis) covalently-bound leucine Pirkle column. Absohite configurations were 

15 assigned by comparison of [a]D with accq>ted literature values. 
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Method B fiodosvlmesitvlepe as oxvgen atom source) 

A solution of 1.0 mmol of olefin, 8 ml CHjClj and 0.04- 
0.08 mmol of the catalyst was stirred at room temperature as solid 
iodosomesitylene was added in 0.3 mmol portions at 15-30 minute intervals. 
5 Disappearance of starting olefin was complete after addition of 4 10 portions 
(1.2 to 3 equivalents) of total iodosylmesitylene. Solvent was removed in 
vacuo, the residue was extracted with hexane, and the mixture was filtered 
through Celite diatomaceous earth to remove catalyst and other solids. Pure 
epoxide was obtained by flash chromatography (lOg SiOj, CHjCyhexane 
10 eluent). The optical puriiy of this material was determined by the method 
described above. 
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Asymmetric Epoxidation of Representative Olefins 
with the most preferred embodiment of the first aspect. 

Examples 1^7 

Config- 

5 fiaJO Olefin* Cfttelvst YielO^r^^ ee(%^ uration'^ Method 



1 (R,RH SO 59 lR,2S-() B 

2 (R,R).ld 75 57 R-(+) A 

3 a(.RHd 72 67 (+)e B 

4 (R,R)-1 52 93 (-)e B 

10 5 J(R*RH 70 85 lR,2S-(-) A 

6 (R.R)-1^ 72 78 lR,2S-(+) B 

7 (Rjg-l 36 30 R-(+) B 



"Reactions were nm at 25''C unless otherwise noted. 
15 Elated yields based on olefin. 

The sign comsponds to diat of [o]D. 

^Reaction nm at 5**C 

^Absolute coniigiintion not known. 



The table above shows that the highest enantiomeric excess (ee) 
20 values were observed with Examples 4, 5, and 6, Le. a& disubstitated olefins. 
In contrast. Example 7, a 1,1 disubsdtuted olefin, had the lowest ee values. 
Example 1, a trans disubsdtuted olefin, and Examples 2 and 3, 
monosubsdtuted olefins, had intermediate ee values. 



wo 93/03838 



PCT/US92/07261 



-50- 

Asymmetric Epoxidation of Representative Olefins 

with Catalysts from the first and fourth aspects of the invgntioq. 

Examples 8-16 

The following Examples 8-16 were nin the same as Examples 1- 
5 7, except that different catalysts were used. The key to the catalyst numbering 
system is found in FIGURE 11. As can be seen, Example 8 was made 
according to the most prefened embodiment of the first aspect. 
Examples 9-16 were made according to the fourth aspect, with the catalyst 
used in Examples 12-16 being the most preferred embodiment of the fourth 
10 aspect. It is also noted tliat all of Examples 8-16 were lun with method B 
described above. 
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AWScieniincCyclodex-BcohaavMrnx 025 mm l.D^ 0J3 H"* •AUitaaJaa 
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(R j<)-3 ifforded epoxiiki with ibiiAite eonfi|W«iOBi 
the same ecf a 2%). 7%e lipoancipoads lOlhaiof (aJD. 



■Reactions were nm at 0*C delated yields based on olefin. ^Determined by *H NMR 
analysis in the presence of £u(hfc)s and by capillaiy OC using a commercial shiral column (J 
& W Scientific Cyclodex-B column, 30 m x 0.25 mm I.D., 0.25 /m film). 'All reactions 
were run in duplicate with bodi enantiomers of each catalyst. Reactions carried out with 
(R,R>5 afforded qpoxides with absolute configurations opposite to those in the table and with 
the same ee's (± 2%). Hie sign corresponds to that of [a]D. 

As shown in Examples 12-lS, the most piefened catalyst of the 
fourth embodiment catalyzes the epoxidation of cis-disubstitttted ol^ns with 
excellent enantioselectivity. 



The following Examples 17*24 were canied out to show the 
effectiveness of the piesmt method to enantioselectively epoxidize various 
chiomene derivatives. The catalyst used in these examples is the R,R 
enantxomer shown in Figure 8. The method described above as Method A was 
used for these examples: 

The results are shown in Table in. It is noted that the 
unsubstituted chromene in Example 24 did not produce an epoxycfaroman. 
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Examnle 25 

Example 25 was carried out the same as Example 19 above, 
with the exception that the catalyst shown in FIGURE 2 was used. The 
isolated yield was found to be 78% and the ee was 91%. 

5 Example 26 

Example 26 was carried out as a larger scale pioduction of the 
epoxychroman produced in Example 17 above, namely 6-cyano-2,2-dimethyI- 
3,4-q)oxychroman. 

The pH of a solution of commercial household bleach (Clorox®) 

10 was buffered to pH=ll'.3 with 0.05 M Na2HP04 and 1 N NaOH and then 

cooled to O "^C. To 500 ml of this solution (approximately 0.55 M in NaOCl) 
was added a 0 ""C solution of 6-cyano-2,2-dime±ylchromene and the catalyst 
(3.1 g, 5.0 mmol, 3.7 mol %) in 135 ml of CHjCla. The two-phase system 
was mechanically stirred at 0 and the reaction progress was monitored by 

15 HPLC. Aftar 9 houn, the heterogeneous brown mixture was fUtered through 
a pad of Celite diatomaceous earth and the organic phase was separated, 
washed once with 500 ml saturated NaCl solution, and then dried (Na2S04). 
The ee of the crude product obtained after solvent removal was determined for 
each example by GC analysis. Hie brown oily residue was then dissolved in 

20 200 ml of boiling absolute etfaanol and then water (200 ml) was added slowly 
to the hot solution. A hot gravity fUtration afforded a pale yellow solution 
from which the crystallized epoxychroman was isolated. This isolated yield 
was 81% and the ee was measured at 99% by GC analysis. 

Jfemmpte ?7 

25 Example 27 was carried out to produce the cromakalin 

compound shown in Figure 13. Hie qxixychrDman produced in Example 26« 
namely 6-cyano-2,2-dimethy-3,4-qx)xychn)man, (Ig, 4.97 mmol), 3-hydn)xy- 
l-methyH,6-dihydrppyridazin-6-one (0.652 g, 5.17 mmol) and pyridine 
(0.491 g, 6.21 ounol) were refluxed together in ethanol (10 ml) for 8 hours. 
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The homogenous yellow mixture was then concoitrated under vacuum and the 
residue was isolated by flash chromatography on 70 g of silica and ethyl 
acetate as eluent. The isolated yield was 1.38 g (85%). 



)=/ y Nc' 

NC 



Example 28 ^ 
S Example 28 was carried out to produce the cromakalin shown in 

Figure 12. Sodium hydride (0.199 g of a 60% suspension in mineral oil, 4.97 
mmol) was suspended in DMSO (1.5 ml) and 2-pynDlidinone (0.423 g, 4.97 
mmol) was added to the stirred mixture at room temperature under a dry 
nitrogen atmosphere. The epoxychroman from Example 26 (Ig, 4.97 mmol) 

10 was then added as a solid to the grey foamy mass. The mixture was stirred at 
room temperature for 10 hours. The orange-red mixture was then treated with 
10 ml of water and the resulting thick yellow precipitated was extracted 5 
times with 10 ml of ethyl acetate. Removal of solvent and chromatography on 
silica (lOOg, ethyl acetate eluent) afforded pure product which was 

15 recrystallized from ethyl acetate. This isolated yield was 0.808 g (56%). 




Synthesis of Taxol and Taxol Intermediates and Analogs 

The following general comments dpply to the following 
examples. Melting points were obtained in open capillary tubes with a 
Laboratory Devices (HoUiston MA) Mel-Temp II melting point s^aratus and, 
20 are rqxsited uncollected. The boiling points are icpoitsd uncorrected. The 



-55- 

*H NMR spectra were obtained on a General Electric (Schenectady NY) QE- 
300 (300 MHz) spectrometer. Low resolution EI gas cfaromatography/mass 
spectroscopic (GC/MS) analyses were performed on a Hewlett-Packard (Palo 
Alto CA) 5970 Mass Selective Detector coupled to a Hewlett-Packard 5890 
gas chromatograph. Other mass spectra were provided by the Mass 
Spectrometry Laboratory at the University of Illinois, Urbana, Illinois. 
Elemental analyses were performed by the Microanalytical Laboratory of the 
Univenity of Illinois. 

Silica gel chromatographic purifications were performed by flash 
chromatography with Woehn silica (Aldrich Chemical Co., Milwaukee WI) 
packed in 32-64 m glass columns. The weight of silica gel was approximately 
50-100 times that of the sample unless it is noted otherwise below. The 
eluting solvent for each puriiication was determined by thin layer 
chromatography (TLQ. Analytical TLC was conducted on Merck glass plates 
coated with 0.25 mm of silica gel 60 F254. TLC plates were visualized with 
ultraviolet light and/or in an iodine chamber unless noted otherwise. Gas- 
liquid chromatographic (GC) analyses were performed on a Hewlett-Packard 
HP 5890 gas chromatograph usmg the following columns: A) J&W Scientific 
(Folsom CA) 0.32 mm X 30 m DB-5 capillary column or B) J&W Scientific 
CPX-B (fi-cyclodextrin) capillary column, 30 m. Optical rotations ww 
measured on a Jasco (Japan Spectrophotometric Co., Tokyo, Japan) Dip-360 
digital polarimeter. 

Hie buffered bleach solutions employed in the qx)xidation 
reactions were prepared from Qoxox® bleach according to the method of 
Zhang W.; and Jacobsen, EN: J. Org. Chem. 5fi: 2296, 199L Unless other 
noted, all starting matraials were purchased from Aldrich and were used as 
received. 
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Preparatioii of Methvl 3-Phenvlglvddate 

A quantity of cis-methyl cinnamate (4.S mg, 2.5 mmol) was 
dissolved in 6 ml of CHjClj. 3,5-I>imethy^)yridine-N-oxide (125 mg, 40 
5 inol96) was then added to the solution, followed by die addition of catalyst 
(S,S)-4 (150 mg, 10 mol%). The resulting sohition was cooled to O'C and 
combined with bleach solution (15 ml at a pH of 11.25) pre-cooled to 4'C. 
The reaction mixture was stirred at 4**C for three hours. Hexane (60 ml) was 
then added to the reaction mixmre. The organic phase was washed once with 

10 30 ml water and twice with 3 ml brine and dried over Na2S04. Solvent was 
removed under vacuum and the residue was purified by chromatography 
(ROAc/hexane = 7:93, v/v) to provide an inseparable mixture of cis- and 
trans-mediyl-3-phenylglycidate in which the dsitians ratio was 4:1. The yield 
was 356 mg, or 80%. The assignment of stereoisomws and dete rminati on of 

15 ratio of stereoisomers was based on the literamre values for *H NMR of cis- 
methyl-3-phenylglycidate. Denis, J.N.; Greene, A.R; Sena, A.A.; Luche, 
M.-J.: J. Org. Chem. 5i: 46, 1986. The ee's of die ds- and trans-epoxides 
were determined to be 87-89% and 60%, respectively, by GC analysis (using 
column B described above). 
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Eacamnle 30 

Preparation of cis-Bhvl Cinnamate 

Ethyl pheny^iopiolate (10.8 g, 0.062 mol) was dissolved in 
hexane (540 ml), followed by addition of quinoline (11.2 g) and palladium on 
calcium caibonate (Undlar catalyst, 3.6 g). The resulting reaction mixture 
was stined under hydrogen (1 atm) at room temperature, and the progress of 
the reaction was monitored closely by GC analysis. The reaction was stopped 
by displacement of the hydrogen atmosphere with nitrogen once the rate of 
absoiption of hydrogen was observed to decrease abruptly. The resulting 
mixture was filtered through a pad of diatomaceous earth and the filtrate was 
dried over Na2S04. Solvent was removed under reduced pressure. Then the 
residue was distilled under vacuum (2.5 mm Hg, at 98-100* C) to provide 
10.08 g of cis-ethyl cinnamate, for a yield of nearly 95%. By GC analysis, 
diis product mixture was found to contain 5.7% over-reduced alkane and 3.5% 
trans-ethyl cixmamate, but was used without further purification. 

Example 31 

Pffymtipn of f?R,3R)-Rny?-3-PhWYlg^Ygid^tP 

With 1.76 g or 10 mmol of cis-ethyl cinnamate prepared as 
described m Example 30, 4-phenylpyridine-N-oxide (420 mg, 2.5 mmol) was 
dissolved m CRjCk (20 ml). Catalyst (the R,R-enantiomer of Figure 8) (360 
mg, 0.6 mmol) was added to the solution. Tlus soludon and the buffered 
bleach solution (25 ml, at pH = 11.25) were cooled separately in ice bath, and 
then combined at 4" C. The two-phase mixture was stined for two hours, or 
until the disappearance of cis-ethyl rinnamatft was judged to be complete by 
TLC analysis. Ethyl acetate (200 ml) was thra added to the solution and the 
organic phase was separated, washed with water (2 X 100 ml) and brine (1 X 
100 ml). Then the organic phase was dried over NasSOv Hie solvrat was 
removed und^ vacuum and the residue was subjected to GC analysis, which 
indicated the presence of ds- and trans-epoxides in a 3:1 ratio. The residue 
was distilled (2mm Bg, at 75*^-77'' Q to provide 1.6g (80% yield) of a crude 
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mixture of 75% cis-€poxide, 18% trans-epoxide and several minor impurities, 
as determined by GC analysis. The ee of the ds-epoxide was detennined to be 
96-97% by a *H NMR shift study with JEu(hfc)3 as chiial shift reagent. The ee 
of the trans-epoxide was measured to be 78% by the same method. The 

5 mixture was used in subsequent reactions without further purification. The 
following was obtained for cis-ethyl-3-phenylglycidate: NMR (CDCy S 
LQ2 (t, J = 7.2 Hz. 3H). 3.83 (d, J = 4.8 Hz, IH), 3.9-4.1 (m, 2H), 4.27 
(d, J = 4.8 Hz, IH), 7.2-7,5 (aromatic, 5H). The following was obtained for 
tians-etiiyl-3-phenyiglycidate: *H NMR (CDa,) 5 1.33 (t, J = 7.2 Hz, 3H), 

10 3.51 (d. J = 2.1 Hz, IH), 4.09 (d, J = 1.8 Hz, IH), 4.2-4.4 (m, 2H), 7.2- 
7,5 (aromatic, 5H). 
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Examnle 32 

Preparation of f2R.3SV3-Phenvl-Isoserinamide 

First, 900 mg, or 4.22 mmol, of (2R,3R)-3-phenylglycidate, 
prepared as described in Example 31, was dissolved in a solution of 20 ml of 
5 ethanol saturated with ammonia (prepared by passing anmionia through ethanol 
at *1S^ C for IS minutes). This solution was placed in an autoclave and 
heated to lOO"" C for 16 houn with extenal agitation. After the solution was 
cooled to room temperature, agitation was continued for another eight hours. 
Solvent was removed under vacuum and the residue was recrystallized from 

10 ethanol. White crystalline product, weighing 540 mg, was isolated by 
filtration for a yield of 71 % . The melting point was 172-173 C. The 
following *H NMR PMSO-d^/D^O) data were obtained for this compound: 6 
3.87 (d, J = 3.3 Hz, IH), 4.08 (d, J = 3.3 Hz, IH), 7.0-7.5 (aromatic, 5H). 
Analytical for C9H,202N2: Calculated: C, 60.00; H, 6.67; N, 15.55. Found: 

15 C, 59.90; H, 6.71; N, 15.25. 

The corresponding racemate was synthesized by an analogous 
sequence witii epoxide prepared witii the (S,S) catalyst of Figure 8. The 
melting point for the racemate was 192-193'' C, which compared favorably to 
tile literature value of 187-188** C. Kamandi, R; Frahm, A.W.; and 

20 Zymalzowski, F.: Arch. Paimaz. 2QZ: 871, 1974. 
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Exampie 33 

f2R.3SV3.PhenvMsoserine 

(2R,3S)-3-phenyl-isoseiiiiaiiiide (200 mg, 1.11 mmol), as 
prepared in Example 32, was combined with 354 mg (1.12 mmol) of 
5 Ba(OH)2«8H20 and water (2 ml). The resulting suspension was heated to 

reflux for nine hours. After the reaction mixture was cooled to 80** C, 15 ml 
of water was added to the solution. The temperature of the solution was 
maintained at 80* C for 20 minutes before a solution of 110 mg, 1.11 mmol of 
concentrated sulfuric acid in 1 ml of water was added. A white precipitate 

10 appeared in the solution which was detmnined to have a pH of between 5 and 
7. Heating at 80*" C was maintained for another 20 minutes, and the mixture 
was then cooled to room temperature. The resulting precqiitate (BaS04) was 
centiiiuged to the bottom of the container, the sup^natant was sqiarated, and 
solvent was removed under vacuum. The resulting white solid was extracted 

15 with acetone and collected by filtration to provide 148 mg of the title 

compound, for a yield of 74%. The material melted with decomposition at 
238 "C. The NMR (DjO/NaOD) data were as follows: 5 3.94 (d, J = 3.9 
Hz, IH), 4.01 (d, J = 3.9 Hz, IH), 7.0-7.5 (aromatic, 5H). Analytical for 
C^hNOj: Calculated: C, 59.66; H, 6.07, N, 7.73. Found: C, 59.10; H, 

20 6.11; N. 7.61. 
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Example 34 

y>p^n?pyK2R,3SV3-PhgnyHsQSgiin^ 

First, 60 mg (0.33 mmol) of (2R,3S)-3-phenyl-isoserine, as 

prepared in Example 33, was dissolved in a 10% aqueous NaHC03 (8 ml). 
5 The solution was cooled to 4^ C and then 143 mg (1.0 mmol) of benzoyl 

chloride in 120 ml aqueous solution was added. This mixture was stirred for 

six hours at 4"" C and dien acidified to a pH of 1 by addition of dilute HCl 

solution. The resulting white prec^itate was collected by filtration. The 

volume of the filtrate was reduced to 2 ml and a second portion of precipitate 
10 was collected and combined with the first crop. This material contained both 

desired product and benzdic acid. The benzoic acid was removed by stining 

for six hours in ether (3 ml) containing several drops of ethanol. Next, 60 mg 

of the resulting product was isolated as a white solid by filtration, for a yield ^ 

of 70 % . This compound was determined by be more than 95 % pure by 'H 
15 NMR. The melting point was 177-179** C, compared to a literature value of 

167-169*' C. FABMS: in/e 286 (M*+l). The *H NMR (DMSO-d^ values 

were as foUows: 5 4.37 (d, J = 4.5 Hz, IH), 5.46 (dd, J = 8.7 Hz and 4.5 

Hz, IH), 5.3-5.7 (b, IH), 7.2-7.6 (m, 9H), 7.84 (d, J = 7.5 Hz, IH), 8.58 

(d, J = 9.0 Hz, IH), 12.5-13.0 (br, IH). FABHRMS for C^^^^O^: 
20 Calculated: 286.1079. Obsen^ed: 286.1068. [a]"D-35.9*' (c 0.565, EtOH); 

compared to literature values for the (2S,3R)-isomer of [apD-36.5'' (c 1.45, 

ROH) and for the (2R,3S)-isomer of [a]^D-37.78*^ (c 0.9, EtOH). Ojima I., 

et al, L Org, Chem. 1681, 1991. 

Example 35 
25 laxfil 

The N-benzoyl-(2R,3S)-3-phenyl-isoserine, as prepared in 
Example 34, is treated with 1-chloroethyl ethyl-ether in the presence of a 
tertiary amine to produce optically pure (2R,3S)-N-benzoyl-0-(l-ethoxyethyl)- 
3-phenyI-isoserine (2). 7-tri-ethylsilyl baccatin III (1), as synthesized 
30 according to Denis et al. (J. Amen Chem. Soc. llfl:S417, 1988), is added to 
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10 



6 cquiv of optically pure (2R,3S)-N-bcn2oyl-0-(l-ethoxyethyI)-3-phenyl- 
isosexine (2), 6 equiv of di-2-pyridyl carbonate (DPQ, and 2 equiv of A- 
(dunethylamino) pyridine (DMAP) in toluene solution (0.02M). This mixture 
reacts at 73*C for 100 houn to produce the C-2\ C-7-protected taxol 
d^vative (3). 

Concomitant removal of the protecting groups at C-2* and C-7 
in (3) is accomplished with 0.5% HCl in ethanol at O'^C for 30 houn to 
produce taxol, whose identity and purity are established via comparison with 
the melting point, rotation, and spectral (IR, MNR, FABMS) and 
chromatogr^hic (TLC, HPLC) characteristics of die natural product. 
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Examnles 36-39 

Effect Of Pvridine-N-0 yid6 Derivative On Epoxidation 

The four alkenes shown in Table IV below weie q)Oxidized with 
the presence of a pyridine-N-oxide derivative in the following manner. 
5 A solution of 10 nunol of an alkene and 2.0 mmol (20 mol %) 

of a pyridine-N-oxide derivative were dissolved in 10 ml of CHI2CI2. Either 4- 
phenylpyridine-N-oxide (A in the table) or 4-t-butylpyridine-N-oxide (B in the 
table) was used. 

Then, 0.08-1.0 mmol (0.8-10 mol%) of Catalyst 1 or 2 (see 

10 below) were added to the alkene solution. The table shows the amounts of 
catalyst used in each example. This solution and buffered bleach solution 
(pH= 11.25) were cooled separately in an ice bath and th&a combined at 0-4** 
C. This two-phase mixture was stirred for one to five hours. Then, 200 ml 
of hexane was added to the solution, and the organic phase was separated and 

15 washed once with 100 ml water and once with 100 ml brine. The organic 

phase was then dried over Na3S04. The solvent was removed under vacuum. 
The residue was subjected to purification distillation but could also be purified 
by chromatography or crystallization. The enantiomeric compositions of the 
epoxide were established by GC on a chiral cs^iUary column and by NMR 

20 with a chiial shift reagent (EaQdc)^. 
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It should be noted that, although much of the discussion has 
involved the use of salen derivatives (made from ethylenediamines), saJ^n 
derivatives (made from propylenediamines) and salbn derivatives (made finom 
butylenediamines) are also within the scope of the present invention. 
5 Certainly, these are considered to lie within the scope of the invention as 
defined by the fended claims. 
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l^wmniBtrig Oxidation of Sulfides 
Example 40 

The following catalysts were prqiared using the same techniques 
as previously discussed. 
5 Figures 19 and 20, as well as Table V below, show the 

generalized structures of the catalysts. 
Table V 
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84 
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ACUnXcelODcoiuinit CAbnluteeonfigvttlODasslgiMdbyGomiHiim 



These seven catalysts were leacted with thioanisole to measure their ee 
values. It is significant that those ligand properties that were proven to be 
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important for qptimal enantioselectivity in qwxidadon were also important in 
sulfide oxidation. For example, the presence of bullqr substitaents on the 3,3' 
and 5,5' positions of the salen ligands has a maiked effect on selectivity, 
indicating that these groups improve stereochemical conununication in the 
5 transition state leading to oxo transfer by inducing substrate abroach near the 
dissymmetric diamine bridge. An dectronic effea on enantioselectively was 
also very pronounced in sulfide oxidation with (salen)Mn catalysts. As 
exhibited in the epoxidation reaction, catalysts bearing electron withdrawing 
substituents are less enantioselective than electron lich analogs (entries 1, 3 
. 10 and 4 in Table V). This effect may be attributed to the greater reactivity and 
concomitant lower selectivity, of the high valence iatennediates bearing 
electron withdrawing groups. 

Catalyst 1 of Table V emerged as the most selective of the catalysts 
tested. Therrfore, Catalyst 1 was used to study the asymmetric oxidation of 
15 prochiral sulfides. The results of these tests are shown by Table VI below. 
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Atymmetiie Oiddadon of BtocUnaSulfldei Using Catalyst (K^IK car 

1(»4fnol%) Q 
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Selectivities in these cases were moderate, although a significant 
electronic effect on substrate could be discerned. More reactive electron rich 
sulfides were oxidized with lower selectivity (e.g. entiy 7, Table VI), while 
selectivities above 60% ee were obtained with substrates bearing halide or 
nitro groups (entries 2, 8-11, Table VI). The face selectivity in the sulfide 
oxidadon reactions is analogous to that in the alkene epoxidation (see HGUSE 
21). This suggests that the nature of the transition states in the two processes 
may be similar. 

Catalytic Disproportioiiation of Hydrogm Peroxide 
Example 41-Preparation of; 

A sohition of salicylald^yde (24.42g, 0.200molc) in 80 ml of 
EtOh was added to a stirred solution of ethylenediamine (6.070g, 0.100,olc) in 
a mixture of SO ml EtOH and SO ml of H20 overapexiod of S minutes. The 
reaction mixture was r^uxed for 1 hour and stirred at room temperature 
ovemigbt. The yellow crystalline product was separated by filtration and 
washed with 2 X 30 ml of cold 60% EtOh and air dzied to yield 2S.733G 
(9S.9%)of salen. 

Mn(0Ac)2 Q4.S09g, 0.100 mole) was added to a stined 
solution of I3.416g of salen in 1000 ml of 9S% HOH and the color 
immediately changed from yellow to daik brown, the resulting mixture was 
refluxed for 3 hours. The solvent was removed by vacuum and the resulting 
residue was extracted with 1250 ml of hot wat^ (60 degrees C) and filtered. 
Solid NaCl (S8.44g, 1.000 mole) was added to die filtrate and brown 
precipitate foxmed immediately. The precq)itate was collected by filtration and 
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dried. The ciude product was leciystallized from acetone/ether to give 9.672g 
of the product (S4.2 % yiekl). 



Example 42-Reaction Procedure 

A small round bottom flask eqoipped with a septum was chaiged 
5 with the catalyst (0.1 mol %) and 1 ml of the solvent* To this solution was 
added a buffered solution of E^Oj. The late and conversion of the reaction 
were monitored by trqiping the Oj evolved from the reaction. Table VII 
below shows the turnover values for several catalysts, whose generalized 
structures are shown in HOUSES 22 and 23. Turnovers axe defined as moles 
10 of H2O2 destroyed per mole of catalyst. 
Table VH 
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4 

TABLE VII 



Catalyst 


Solvent 


Tumovers 
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' 741 



wo 93/03838 



PCr/US92/07261 



-71 - 



TABLE VII (Cont.) 
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WE CLAIM: 

1. A chiial catalyst having the following structure: 




where M is a transition metal ion; 

where A is an anion; 
5 where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
betero atoms; 

where at least one of X3 or X4 is selected from the group 
10 consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where Yl, ¥2, Y3, Y4, Y5, and Y6 are independently selected 
from the group consisting of hydrogen, halides, alkyls, azyls, and alkyl groiq>s 
bearing hetero atoms; 

15 where at least one of Rl, R2, R3 and R4 is selected from a first 

group consistipg of hydrogen, CHj, and primary alkyls; 

where, if Rl is selected from said first groiq), then R2 and R3 

are selected from a second group consisting of aryls, secondary alkyls, tertiary 

alkyls, and alkyls bearing hetero atoms; 
20 where, if R2 is selected from said first group, then Rl and R4 

are selected from said second group; 
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wheie, if R3 is selected from said first group, then Rl and R4 
aie selected from said second group; and 

where, if R4 is selected from said first group, then R2 and R3 
axe selected from said second group. 

S 2. The catalyst of Oaim 1 wherem the transition metal ion is 

selected from the group consisting of Mn, Cr, Fe, Ni, Co, Ti, V, Ru, and Os. 

3, The catalyst of Gaim 1 wherein the transition metal ion is 
selected from the group consisting of Mn, Cr, Fe, Ni, and Co. 

4. The catalyst of Claim 1 wherein the metal ion is Mn. 

10 5. The catalyst of Claim 1 wh^in said first group consists of 

hydrogen and methyl. 

6. The catalyst of Claim 1 wherein said first group consists of 
hydrogen. 

7. The catalyst of Claim 1 wherein said second group consists of t- 
15 butyl and phenyl. 

8. Tlie catalyst of Claim 1 wherein said second group consists of 
phmyl. 

9. The catalyst of Claim 1 wherein Rl is the same as R3 and R2 is 
the same as R4. 

20 10. The catalyst of Claim 9 wherem said first group consists of 

hydrogen and methyl. 
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11. The catalyst of Claim 9 wherein said second group consists of t- 
butyl and phenyl. 

12. The catalyst of Claim 1 wherein XI and X3 are independently 
selected from the group consisting of t-butyl and phenyl. 

5 13. The catalyst of Claim 12 wherein XI and X3 are the same. 

14. The catalyst of Claim 1 wherein both XI and X3 are t-butyl. 

15. A chiial catalyst having the following structure: 




where M is a transition metal ion selected from the group 
consisting of Mn, Cr, Fe, Mi, Co, Ti, V, Ru, and Os; 
10 where A is an anion; 

wh^ XI and X3 are the same and are selected from the 
group consisting of aryls, primary alkyls, secondary alkyls, tertiary 
alkyls, and h^ero atoms; 



f 
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where X2, X4, Yl, Y2, Y3, Y4, YS, and Y6 are independenUy 
selected from the group consisting of hydrogen, haUdes, aUcyls, aryk, and 
alkyl groups bearing hetero atoms; 

whero Rl and R4 are the same and are either selected ftom a 
5 iiist group consisting of H, CH3, and primary alkyls, or selected £rom a 
second group consisting of aiyls, second alkyls, tertiary alkyls, and alkyls 
bearing hetero atoms; 

where K2 and S3 are the same and are either selected from said 
second group if Rl and R4 are selected from said first group, or selected from 
10 said fint group if Rl and R4 are selected from said second group. 

16. The catalyst of Claim IS wherein the metal ion is manganese. 

17* The catalyst of Claim 15 wherein said first group consists of 
hydrogen. 

18. The catalyst of Claim 15 wherein said second group consists of 
15 t-butyl and phenyl. 

19. The catalyst of Claim 15 wherein said second group consists of 
phenyl. 



20. 



A chiial catalyst having the following structure: 
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where M is a transition metal ion; 
where A is an anion; 

where at least one of XI or X2 is selected from the groi^ 
consisting of aiyls, primary alkyls, secondary alkyls, tertiaiy alkyls, and 
5 hetero atoms; 

where at least one of X3 or X4 is selected from tiie group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; and ^ 

where Yl, Y2, Y3, Y4. Y5, Y6, Zl, Z2, Z3, Z4, Z5, Z6, Z7, 
10 Z8, Z9, ZIO, Zll, and Z12 are independentiy selected from the group 

consisting of hydrogen, halides, alkyls, aiyls, and alkyl groups bearing hetero 
atoms. 

21 . The catalyst of Claim 20 wherein the transition metal ion is 
selected from Uie group consisting of Mn, Cr, Fe, Ni, Co, Ti, V, Ru, and Os. 

15 22. The catalyst of Claim 20 wherein the transition metal ion is 

selected from the group consisting of Mn, Cr, Fe, Ni, and Co. 

23. The catalyst of Claim 20 wherein Yl, Y2, Y3, Y4, Y5, Y6, 
Zl, Z2, Z3, Z4, Z5, Z6, Z7, Z8, Z9, ZIO, Zll, and Z12 are hydrogen. 

24. The catalyst of Claim 20 wherein XI and X3 are independentiy 
20 selected from the group consisting of t-butyl and phenyl. 

25. The catalyst of Claim 20 wherein XI and X3 are the same. 

26. A chiial catalyst having the following structure: 
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where M is a tiansition metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
5 consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of X3 or X4 is selected ftiom the group 
consistmg of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

10 where at least one of Yl or Y2 is selected from the group 

consisting of aryk, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
IS hetero atoms; 

where Y3 and Y6 are indepradently selected fr^m the group 
consisting of H and primary alkyl groups; 

where eidier one or two of Rl, E2, R3 and R4 is hydrogen; 
where, if Rl is hydrogen, then R3 is a primary alkyl; 
20 where, if R2 is hydrogen, then R4 is a primary alkyl; 

where, if R3 is hydrogen, then Rl is a primary aDcyl; and 
where, if R4 is hydrogen, then R2 is a pximaiy alkyL 

27. The catalyst of Claim 26 wherein the transition metal ion is 
selected from the group consisting of Mn, Cr, Fe, Ni, Co, li, V, Ru, and Os/ 
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28. The catalyst of Claim 26 wherein the metal ion is Mn. 

29. The catalyst of Claim 26 wherein Rl is the same as R3 and K2 
is the same as R4. 

30. The catalyst of Claim 26 wherein XI and X3 are independ^tly 
5 selected firom the group consisting of t-butyl and phenyl. 

31. The catalyst of Claim 30 wherein XI and X3 are the same. 

> 

32. The catalyst of Claim 30 wherein Yl and Y4 are independently 
selected from the group consisting of t-butyl and phenyl. 

33. The catalyst of Claim 32 wherein Yl and Y4 are the same. 

10 34. The catalyst of Claim 26 wherein XI, X3, Yl and Y4 are inde- 

pendently selected from the group consisting of t-butyl and phenyl. 

35. The catalyst of Claim 34 wherein XI, X3, Yl and Y4 are all 
the same. 

36. The catalyst of Claim 26 wherein XI, X3, Yl and Y4 are all 
15 t-butyl. 

37. The catalyst of Claim 26 wherein Rl and R4 are hydrogen and 
R2 and R3 are methyl. 

38. A chiral catalyst having the following structure: 
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M 




where M is a transition metal ion; 
where A is an anion; 
where n is dther 3, 4. 5 or 6; ^ 
where at least one of XI or X2 is selected fiom the group 
consisting of aiyls, primary allcyls, secondaiy alkyls, tertiaiy alkyls, and 
hetero atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetem atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
heteroatoms; 

where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary aJkyls, secondary alkyls, tertiary alkyls, and 
15 hetero atoms; 

where Y3, and Yd are indq)endently selected from the group 
consisting of hydrogen and primary alkyl groups; 

where Rl andS4are&ailStoeach otho-andatleastoneof Rl 
and R4 is selected from the group consisting of primary alibis and hydrogen; 
20 and 

where die carbons in the (Q„ portion have substituents sdected 
from the group consisting of hydrogen, alkyl, aryl, and heteroatoms. 

39. The catalyst of CSaim 38 wherein the transition metal ion is 
selected from the group consisting of Mn, Cr, Fe, Ni, Co, H, V, Ru, and Os. 

25 40. Tlie catalyst of Clahn 38 wherdn the metal ion is Mn. 
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41. The catalyst of Claim 38 wherein Rl is the same as R4. 

42. The catalyst of Claim 38 wherein XI and X3 are independently 
selected from the group consisting of t-butyl and phenyl. 

43. The catalyst of Claim 42 wherein XI and X3 are ttie same. 

5 44. The catalyst of Claim 38 wherem Yl and Y4 are independently 

selected from the group consisting of t-butyl and phenyl. 

> 

45. The catalyst of Claim 44 wherein Yl and Y4 are the same. 

46. The catalyst of Claim 38 wherein XI, X3, Yl and Y4 are 
independently selected from the group consisting of t-butyl and phenyl. 

10 47. The catalyst of Claim 46 wherein XI, X3, Yl and Y4 are aU 

the same. 

48. The catalyst of Claim 38 wherein XI, X3, Yl and Y4 are all 
t-butyl. 

49. The catalyst of Claim 48 wherein Rl and R4 are hydrogen. 

15 50. The catalyst of Claim 38 wherein Rl and R4 are sdected from 

the group consisting of hydrogen and methyl. 

51. The catalyst of Claim 38 wherein Rl and R4 are hydrogen. 

52. The catalyst of Claim 38 wherein n is 4. 

53. A chiial catalyst having the following structure: 
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where Rl and R4 are tons to each other and at least one of Rl 
and R4 is selected from l^e group consisting of primary alibis and hydrogen. 

54. The catalyst of Claim S3 wherein the metal ion is Mn. 

55. The catalyst of Claim S3 whmin Rl is the same as R4. 

S 56. The catalyst of Claim 55 wherein Rl and R4 are hydrogen. 

57. The catalyst of Claim S3 wherein XI and X3 are indq}endratly 
sdected from the group consisting of t-butyl and phenyl. 

58. The catalyst of Claim 57 wherein XI and X3 are the same. 

59. The catalyst of Claim 53 wherein Yl and Y4 are independently 
10 selected from the group consistmg of t-butyl and phenyl. 

60. The catalyst of Claim 59 wherein Yl and Y4 are the same. 

61. The catalyst of Claim 53 wherein XI, X3, Yl and Y4 are inde- 
pendmtly selected ftom the group consisting of t-butyl and phenyl. 
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62. The catalyst of Claim 61 wherein XI, X3, Yl and Y4 are all 
the same. 

63. nie catalyst of Claim 53 wherein XI, X3, Yl and Y4 are all t- 
butyL 

5 64. The catalyst of rnaim 63 wherem Rl and R4 are hydrogen. 

65. The catalyst of ^i^im 38 wherein Rl and R4 are selected from 
the group consisting of hydrogen and methyl. 

66. A method of enantioselectively epoxidizing a procbiial olefin 
with the use of a chiial catalyst comprising the steps of: 

10 providing a prochiial olefin; 

providing an oxygen atom source; 

providing the chiial catalyst of Claim 1, 15, 20, 26, 38 or 53; 

and 

reacting said olefin, said oxygen atom source, and said chiral 
15 catalyst under such conditions and for such time sufficient to epoxidize said 
olefin. 

67. The method of Claim 66 wherem the prochiial olefin is selected 
firom the group consisting of monosubstituted and £i§ 1,2 disubstituted olefins. 

68. The method of Claim 66 wherein the prochiial olefin is a sis 
20 disubstituted olefin bearing a primary substituent on one side of the double 

bond and a secondary, tertiary, or aryl substituent on the o±er side. 



69. The method of Claim 66 wherein the olefin is selected from the 
group consisting of: 
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fis-fi-methylstyrene, dihydiDxiq)hthalene, 2'^clohexeiiyl-l,l- 
dioxolane/2,2-dimethylchiDmrae, sQnene, and propylene. 

70. The method of Claim 66 wheiein the oxygen atom source is 
selected from the group consisting of: NaOCl, iodosomesitylene, NaI04, 

5 NBu4l04» potassium peroxymonosul£ate, magnesium monoperoxyphthalate, and 
hexacyanofetraie ion. 

71. The method of Claim 66 wherein the oxygen atom souxce is 
selected firom group consisting of: NaOCl and iodosomesitylene. 

72. The method of Claim 66 wherein the oxygen atom source is 
10 NaOCl. 



73. A method of enantioselecdvely qK)xidizing a prochiral olefin 
with the use of a chiral catalyst comprising the steps of: 

providing a prochiral olefin; 
providing an oxygen atom source; 
IS providing a pyridine-N-oxide derivative; 

providing die chiral catalyst of Claim 1, 15, 20, 26, 38 or S3; 

and 

reacting said olefin, said oxygen atom source, said pyridine-N- 
oxide derivative, and said diisal catalyst under such conditions and for such 
20 time sufficient to epoxidize said defin. 

74. The method of Claim 73 wherein the prochiral oldin is selected 
from the group consisting of monosubsdtuted and as 1*2 disubstituted olefins. 



25 



75. The method of Claim 73 wherein the produxal olefin is a fii& 
disubstituted olefin bearing a primary substituent on one side of the double 
bond and a secondary, tertiary, or aryl substituent on the other side. 
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76. The method of Claim 73 wherein the pyridine-N-oxide 
derivative is selected from the group consisting of 4-phenylpyridine-N-oxide 
and 4-t-bu^Ipyridine-N-oxide. 

77. The method of Claim 73 wherein the olefin is selected from the 

S group consisting of: 

£is-fi-methylstyrene, dibydron^hthalene, 2-cycloh^enyl-l,l- 
dioxolane, 2,2-dimethylchiomene, styrene, and propylene. 

78. The metho'd of Claim 73 wherein the oxygen atom source is 
selected from the group consisting of: NaOCl, iodosomesitylene, NaI04, 

10 NBU4IO4, potassium peroxymonosulfate, magnesium monoperoxyphthalate, and 
hexacyanofenate ion. 

79. The method of Claim 73 wherein the oxygen atom source is 
selected from group consisting of: NaOCl and iodosomesitylene. 

80. The method of Claim 73 wherein the oxygen atom source is 
15 NaOCL 

81 . A method of enantioselecdvely epoxidiring a chromene 
derivative with a cbiral catalyst comprising the steps of: 

providing a chromene derivative having the fonnula: 




20 wherein Rl, E2. R3, R4, XI, X2, X3 and X4 are each selected 

from the group consisting of hydrogen, aiyls, primary allqrls, secondary 



wo 93/03838 



PCTAJS92/07261 



10 



20 



-85- 

alkyls, teitiaiy alkyls, and heteio atoms, and wherein no more than one of Rl 
and R2 are hydrogen; 

pzoviding an oxygoi atom source; 

providing a catalyst having the fonnula: 




wliere M is a transition metal ion; 
wiioe A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
consisting of aiyls, primaiy alkyls, secondary alkyls, tettiaiy alkyls, and 
hetero atoms; 

where at least one of X3 or X4 is selected ftom the group 
consisting of aiyls, primaiy aflcyls, secondaiy allqris, teithoy alkyls, and 
hetero atoms; 

^•««eYl.Y2,Y3, Y4,Y5, and Y6 are indqHMdently selected 
ftom the group consisting of hydrogen, halides, alkyls, aiyls, and alkyl groups 
beaiing hetero atoms; 

where at least one of Rl, R2, R3 and R4 is selected fiom a first 
gtoap condsting of hydrogm, mediyl, and primaiy alkyls; 

where, if Rl is selected from said first groq>, then S2 and R3 
are selected from a second group consisting of aiyls, secondaiy alkyls, tertiary 
aOgrls, and aD^ls bearing betexo atoms; 

whae, if R2 is selected fiom said first group, then Rl and R4 
are selected ftom said second groiq>; 

25 if is selected ftom said first group, then Rl and R4 are 

sdected from said second group; and 
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wheie, if R4 is selected from said first group, then R2 and R3 
are selected from said second group; and 

reacting said ciiromene d^vative, said oxygen atom source, and 
said chiral catalyst under sucb conditions and for such time suffid^ to 
5 epoxidize said chromene derivative, to thereby produce an qKJxychroman. 

82. The method of Oaim 81 whwein Rl and R2 on the chromme 
derivative are the same. 

83. The methpd of Claim 81 wherein the Rl and R2 on the 
chromene derivative are alkyl groups. 

10 84. The method of Claim 81 wherein Rl and R2 on the chromene 

derivative are methyl groups. 

85. The method of Claim 81 wherem the chromene derivative is 
6-cyano-2,2-dimethylchromene. 

86. The method of Claim 81 wherein the oxygen atom source is 
15 selected from the group consisting of NaOCl, iodosomesitylene, NaI04, 

NBU4IO4, potassium peroxymonosulfate, magnesium monoperoxyphthalate, 
HjOj, peroxybenzoic acid derivatives, and hexacyanofeixate ion. 

87. The method of Claim 81 wherein the oxygen atom source is 
NaOa. 

20 88. The method of Claim 81 wherein the transition metal ion is 

selected from the group consisting of Mn, Cr, Fe, Ni, and Co. 

89. The method of Claim 81 wherein said first group consists of 
hydrogen and methyl. 



wo 93/03838 



PCr/US92/07261 



- 87 - 

90. The method of Claim 81 wherein said first group consists of 
hydrogen. 

91. The method of Claim 81 wherein said second group consists of 
t-butyl and phenyl. 

S 92. The m^od of Claim 81 wherein said second group consists of 

phenyl. 

93. The mediod of Claim 81 wherein on the catalyst Rl is the same 
as S3 and S2 is the same as R4. 

94. The method of Claim 81 wherein XI and X3 on the catalyst are 
10 independently selected from die group consisting of t-bu^l and phenyl. 

95. The mediod of Claim 81 wherein XI and X3 axe the same. 

96. The method of Claim 81 wherein both XI and X3 on the 
. catalyst are t-butyl. 

97. The mediod of Claim 81 wherein, wherein the opposite 

IS mandomer of the chixal catalyst is included to thereby produce a lacemic 
mixture of the q}o:(ychiomaiL 

98. A mediod of enantioselecdvely epoxidizing a chromene 
derivative widi a chiral catalyst consprising the steps of: 

providing a chiomene derivative having the formula: 
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wherein Rl, R2, B3, R4, XI, X2, X3 and X4 are each selected 
from the group consisting of hydrogen, aiyls, primary aDcyls, secondary 
aUcyls, tertiary alkyls, and hetero atoms, and wherein no more than one of RI 
S and S2 are hydrogen; 

providing an oxygen atom source; 

providing a catalyst having the formula: 




where M is a transition metal ion selected irom the group 
10 consisting of Mn, Cr, Fe, ITi, Co, li, V, Ru, and Os; 
where A is an anion; 

where XI and X3 are the same and are selected from the group 
consisting of aryls, primary aD^ls, secondary alibis, tertiaiy alkyls, and 
hetero atoms; 

15 where X2, X4, Yl, Y2, Y3, Y4, Y5, and Y6 are independently 

selected from the group consisting of hydrogra, halides, alkyls, aiyls, and 
all^l groups bearing hetero atoms; 
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wheie Kl and R4 aie the same and axe eith^ selected from a 
&st group consisting of bydrogen, mediyl, butyl and primary alkyls, or 
selected from a second group consisting of aiyls, second aDq^ls, tertiary aUcyls, 
and alkyls bearing heteio atoms; 
5 where S2 and S3 are the same and are either selected from said 

second group if Rl and R4 are selected from said first group, or selected from 
said first group if Rl and R4 are selected from said second group; and 

reacting said chromene derivative, said oxyga atom source, and 
said ghirai catalyst und^ such conditions and for such time sufficient to 
10 epoxidize said chromene derivative. 

99. The method of Oaim 98 wherein Rl and R2 on the chromene 
derivative are the same. 

100. The method of Claim 98 wherein the Rl and R2 on the 
chromene derivative are alkyl groups. 

15 101. The method of Claim 98 wherdn Rl and R2 on the chromene 

derivative are methyl groups. 

102. Hie method of Claim 98 wherein the chromene derivative is 6- 
cyano-2,2-dunethylchromene. 

103. The method of Claun 98 whoein the cncygen atom source is 
20 selected from the group consisdng of NaOCl, iodosomesitylene, NaI04, 

NBU4IO4, potassium peroxymonosul&te, magnesium monoperoxyphthalate, 
H2O2, peroxybenzoic acid derivatives, and hexacyanoferrate ion. 



104. The method of Claim 98 wherem the oxygen atom source is 
NaOCl. 
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105. The method of Claim 98 wherein the txansition metal ion is 
manganese. 

106. The method of Claim 98 wherein said first group consists of 
hydrogen. 

S 107. The method of Claim 98 wherein said second group consists of 

t-butyl and phenyl. 

108. The method of Claim 98 wherein said second group consists of 
phenyl, 

109. The method of Claim 98 wherein, wherein the opposite 
10 enantiomer of the chiial catalyst is included to thereby produce a racemic 

mixture of the epoxychzoman. 



1 10. A method of enantioselectively epoxidizing a chromene 
derivative with a chiral catalyst comprising the steps of: 

providing a chromene derivative having the formula: 



15 




wherein Rl, E2, R3, R4, XI, X2, X3 and X4 are each selected 
from the group consisting of hydrogen, aryls, primary alkyls, secondary 
alkyls, tertiary alkyls, and hetero atoms, and wherein no more than one of Rl 
and R2 are hydrogen; 
20 providing an oxygen atom source; 

providing a chiral catalyst liaving the formula: 
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?3, 




where M is a transition ion; 

whexe A is an anion; 

where n is either 0, 1, or 2; 
5 whereat least one of XI or X2 is selected torn the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alibis, and 
hetero atoms; 

where at least one of X3 or X4 is selected horn the group 
consisting of aryls, primary alibis, secondary alkyls, tertiary alkyls, and 
10 hetero atoms; 

where at least one of Yl or Y2 is selected firom the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of Y4 or YS is selected from the group 
15 consistmg of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where Y3 and Y6 are indq)endently selected from the group 
consisting of hydrogen and primary alkyl groups; 

where eith^ one or two of Rl, £2, S3 and R4 is hydrogen; 

20 where, if Rl is hydrogen, then R3 is a primary all^l; 

where, if R2 is hydrogen, thra R4 is a primary alkyl; 
whoe, if R3 is hydrogen, then Rl is a primary all^l; and 
where, if R4 is hydrogen, then R2 is a primary aS^l; and 
reacting said chromene derivative, said oxygen atom source, and 

25 said chiral catalyst under sudi conditions ^ for such tune suffident to 
epoxidize said chromrae derivative, to thmby produce an epoxychroman. 
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111. The method of Claim 110 wherein Rl and K2 on the chiomene 
derivative are the same. 

112. The method of Claim 110 wherein the Rl and R2 on the 
chiomene derivative axe aikyi groups. 

5 113. The method of Claim 110 wherein Rl and R2 on the chiomene . 

derivative are methyl groups. 

114. The method of Claim 110 wherein the chiomene derivative is 
6-cyano-2,2-dimethylchromene. 



10 



115. The method of Claim 110 wherein the oxygen atom source is 
selected from the group consisting of NaOCl, iodosomesitylene, NalQ^, 
NBU4IO4, potassium peroxymonosulfate, magnesium monoperoxyphthalate, 
H2O2, peroxybenzoic acid derivatives, and hexacyanofenate ion. 



116. 



The method of Claim 110 wheiein the oxygen atom source is 



NaOCl. 



15 



117. 



The method of Claim 110 wherein the transition metal ion is manganese.' 



118. The method of Claim 110 wherein for the catalyst Rl is the 
same as R3 and R2 is the same as R4. 



119. The metiiod of Claim 110 wherein XI and X3 on the catalyst 
are indq)endentiy selected from the group consisting of t-butyl and phenyl. 



20 



120. 



The method of Claim 119 wherein XI and X3 on the catalyst 



are the same. 
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121. The method of Claim 120 wherein Yl and Y4 are independently 
selected from the group consisting of t-butyl and phenyl. 

122. Tlie method of Claim 121 wherein Yl and Y4 are the same. 

123. The method of Claim 122 wherein XI, X3, Yl and Y4 are inde- 
5 pendently selected from the group consisting of t-butyl and phenyl. 

124. The method of Claim 123 wherein XI, X3, Yl and Y4 are all 
the same. > 

125. The method of Claim 124 wherein XI, X3, Yl and Y4 are all 
t-butyL 

10 126. The method of Claim 1 10 wherein on the catalyst Rl and R4 are 

hydrogen and R2 and R3 axe methyl. 

127. The method of Claim 110 whexdn the opposite enantiomer of 
the chizal catalyst is included to thereby produce a racemic mixture of the 
epoxychroman. 

IS 128. A mediod of enantioselectively epoxidizing a chromene 

derivative with a chixal catalyst comprising the steps of: 

providing a chromene derivative having the formula: 
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wheiein Rl, R2, R3, R4, XI, X2, X3 ajid X4 are each selected from the 
group consisting of hydrogen, aryls, primaiy alkyls, secondaiy alkyls, tertiary 
alkyls, and hetwo atoms, and wherein no more than one of Rl and B2 are 
hydrogen; 

providing an oxygen atom source; 
providing a chiral catalyst having the formula: 




where M is a transition metal ion; 

where A is an anion; 

where n is either 3, 4, 5 or 6; 

where at least one of XI or X2 is selected from the group 
consisting of aiyls, primaiy alkyls, secondaiy alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aiyls, primary allqrls, secondary alkyls, tMtiary alkyls, and 
hetero atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aiyls, primary alkyls, secondaiy alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary alkyls, secondaiy alkyls, tertiary alkyls, and 
hetero atoms; 
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wheie Y3, and Y6 axe indep^eotly selected from the group 
consisting of hydrogen and primaiy alkyl groups; 

wheie Rl and R4 aie trans to eacli othsr and at least one of Rl 
and R4 is selected from the gcoup consisting of primary alkyls and hydrogen; 
5 and 

where the caibons in the (Q^ poition have substituents sdected 
from the group consisting of hydrogen, alkyl, axyl, and heteroatoms; and 

reacting said chromene derivative, said oxygen atom source, and 
said chiial catalyst under such conditions and for such time sufificimt to 
10 epoxidize said chromene derivative, to thereby produce an epoxychroman. 

129. The method of Claim 128 wherein Rl and R2 on the chromene 
derivative are the same. 

130. The method of Claim 128 wherdn the Rl and R2 on the 
chromene derivative are alkyl groups* 

IS 131 . The method of Claim 128 wherem Rl and R2 on the chromene 

derivative are methyl groups. 

132. Hie method of Claim 128 wh^em the chromene derivative is 6- 
cyano-2,2-dimethylchromene. 

133. Hie method of Claim 128 wherdn the oxygen atom source is 
20 selected from the group consisting of NaOCl, iodosomesitylene, NalQ*, 

NBU4IO4, potassuim peroxymonosulfate, magnesium monqperoxyphthalate, 
HjOst peroxybenzoic acid derivatives, and hexacyanofiecrate ion. 



134. The method of Claim 128 wherein the oxygen atom source is NaOCl. 
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135. The method of Claim 128 wherein the transition metal ion is 
manganese. 

136. The method of Claim 128 wherein Rl and R4 on the catalyst aie 
the same. 

5 137. The method of Claim 128 wheiein XI and X3 on the catalyst 

are independently selected from the group consisting of t-butyl and phenyL 

138. The method of Claim 137 wheiein XI and X3 on the catalyst 
axe the same. 

139. The method of Claim 128 wherein Yl and Y4 are independently 
10 selected from the group consisting of t-butyl and phenyl. 

140. The method of Claim 139 wherein Yl and Y4 are the same. 

141. The mediod of Claim 128 wherein XI, X3, Yl and Y4 are inde- 
pendently selected firom the group consisting of t-buQrl and phenyL 

142. The method of Claim 141 wherein XI, X3, Yl and Y4 are all 
IS the same. 

143. The method of Claim 128 wheiein XI; X3, Yl and Y4 axe aU t- 
butyl. 

144. The method of Claim 143 wheiein Rl and R4 are hydrogen. 

145. The method of Claim 143 wheiein Rl and R4 are selected from 
20 the group consisting of hydrogen and m^yl. 
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146. The method of Claim 128 wherein Rl and R4 on the catalyst are 
hydrogen. 

147. The method of Claim 128 wherein n is 4. 

148. The method of Claim 128 wherein the opposite enantiomer of 
5 the chiral catalyst is included to thereby produce a racemic mixture of the 

epoxychroman. 

149. A method of enantioselectively epoxidizing a chromene 
derivative with a chiral catalyst comprising the steps of: 

providing a chromene derivative having the fonnula: 



wherein Rl, R2, R3, R4, XI, X2, X3 and X4 are each selected from the 
group consisting of hydrogen, aryls, primary alkyls, secondary alkyls, tertiary 
alkyls, and hetero atoms, and wherein no more than one of Rl and R2 are 
hydrogen; 



10 




15 



providing an oxygen atom source; 

providing a chiial catalyst having the fonnula: 
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where Rl and R4 aie trans to each other and at least one of Rl 
and R4 is selected from the group consisting of primary alkyls and hydrogen; 
and 

reacting said chromene d^vative, said oxygen atom source, and 
S said chiral catalyst under such conditions and for such time sufRcient to 
q)oxidize said chromene derivative, to thereby produce an epoxychroman. 

150. The method, of Claim 149 wherem Rl and R2 on the chromene 
derivative are the same. 

151. The method of Claim 149 wherein the Rl and R2 on the 
10 chromene derivative are allcyl groups. 

152. The method of Claim 149 wh^in Rl and R2 on the chromene 
derivative are methyl groups. 

153. The method of Claim 149 wherein the chromene derivative is 6- 
cyano-2,2-dimethyIchromene. 

15 154. The method of Claim 149 wherein the oxygen atom source is 

selected from the group consisting of NaOCl, iodosomesitylene, NaI04, 
NBU4IO4, potassium peroxymonosulfate, magnesium monoperoxyphtfaalate, 
H2O2, peroxyben2X3ic add derivatives, and hexacyanoferrate ion. 

155. The method of Claim 149 wherein the oxygen atom source is 
20 NaOCL 

156. The method of Claim 149 wherein the transition metal ion is 
manganese. 
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157. The method f Oaim 149 wherein Rl and R4 on the catalyst aie 
the same. 



158. The method of Claim 157 wheiein Rl and R4 are hydrogen. 

159. The method of Oaim 149 wherein XI and X3 on the catalyst 
5 are independently sdected from the group consisting of t-butyl and phenyL 

160. The method of Oaim 159 wheiein XI and X3 axe the same. 

161. The m^od of Claim 149 wherem Yl and Y4 axe independently 
selected from the group consisting of t-butyl and phenyL 

162. Tlie method of Claim 161 wheiein Yl and Y4 are the same. 

10 163. The method of Claun 149 whsmn XI, X3, Yl and Y4 are inde- 

pendently selected from the group consisting of t-butyl and phenyl. 

164. The method of Claim 163 wherein XI, X3, Yl and Y4 are aU 
the same. 



165. The method of Claim 149 wherem XI, X3, Yl and Y4 are aU 
15 t-butyl. 



166. The mediod of Claim 165 wherem Rl and R4 are hydrogen. 

167. The method of Claun 149 wherein Rl and R4 on the catalyst are 
selected from the group consisting of hydrogm and mediyl. 
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168. The method of Claim 149 wheiein, wherein the opposite 
enantiomer of the chiial catalyst is included to thereby produce a lacemic 
mixture of the epoxychroman. 

169. A method of enantiosdectively qjoxidizing a cis-cinnamate 
derivative with a cWial catalyst to pnxluce a ds-epoxide of said cinnamate 
derivative, said method comprising the steps of: 

providing a ds-cinnamate derivative having the fbnnula: 




wherein A1-A5 are each selected from the groiq) consisting of 
10 hydrogen, aiyls, primary alkyls, secondary alkyls, tertiary alkyls, hydroxy], 
alkoxy groups, F, a. Br. I, and amines; 

wherein Bl is selected ftom the group consisting of 
unsubstidited, mono-substituted amine and di-substituted amine; 

wheiem G is selected from the group consisting of hydrogen, 

IS and aryls; 

providing an oxygen atom source; 

laovidtog the diiral catalyst defined in claim 1, 20, 26, 38, or 

53 and 5b; 

reacting said ds-dnnamate derivative, said oxygen atom source, 
and said chiral catalyst under such condidons and for such time sufBdent to 



20 
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q)oxidize said cis-cinnamate derivative, to thereby pioduce a cis-epoxide of 
said cinnamate derivative. 

170. The method of Claim 169 further comprising the steps of: 
providing a pyridine-N-oxide derivative; 

S and leacdng said pyridine-N-oxide derivative with said cis- 

cinnamate, said oxygen atom source, and said cUral catalyst 

171. The method of Claim 170 wherein said pyridine-N-oxide 
derivative is selected from the group consisting of 4-phenylpyridine-N-oxide 
and 4-t-butylpyridine-N-oxide. 

10 172. The method of Claim 169 wherein the Al-AS groups on the cis- 

cinnamate d^ivative axe all the same. 

173. Hie me&od of Claim 169 wherein the Al-AS groups on the ds- 
dnnamate derivative are hydrogen. 

174. The method of Claun 169 wherein Rl on the cis-dnnamate 
IS derivative is an ethyl groiq). 

175. The method of Claim 169 wheiein the ds-dnnamate derivative 
is cis-ethyl dnnamate. 

176. The method of CHaim 169 wherdn the oxygen atom source is 
selected from the group consisting of NaOCl, iodosomesxtylene, NaI04, 

20 NBU4IO41 potassuim peroxymonosulfate, magnesmm monq^eroxyphthalate, 
H3O21 peroxybenzoic add derivatives, and hexacyanofienate ion. 



177. The method of Claim 169 wherein the oxygen atom source is 
NaOCL 
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178. The method of Claim 169 wherein the transition metal ion is 
manganese. 

179. A method of making a C-13 side chain of taxol or taxol 
derivative, said method comprismg the steps of: 

S providing a cis-cinnamate derivative having the fonnula: 



wherein Al-AS are each selected from die group consisting of 
hydrogen, aryls, primary alkyls, secondary alkyls, tertiary alkyls, hydroxyl, 
alfcoxy, F, a, Br, I, and amines; 

wh^ein said alkoxy is selected from the group consisting 




A4 



10 



of alkyls, aryls, aroyls, or alkanoyls; 
whoein Rl is an alkyl group; 
providing an oxygen atom source; 
providing the chiral catalyst defined in daim S3 or 56; 
reacting said cis-dnnamate derivative, said oxygen atom source. 



15 



and gatH chiral catalyst under such conditions and for such time sufficient to 
epoxidize said ds-dnnamate derivative, to thereby produce a ds-epoxide of 
said annamate derivative; 



20 



regioselectivdy opening said ds-epoxide of dimamate derivative 
to produce a 3-phmyl-isosKinamide derivative; 

hydrolyzing said 3-phenyl-isoserinamide derivative to produce a 
3-phenyl-isoserine derivative; 



wo 93/03838 



PCT/US92/07261 



-103- 

piDviding benzoyl chloride in sodium bicarbonate solution; and 
reacting said 3-phenyl-isoserine derivative with said benzoyl 
chloride in sodium bicaibonate to fonn N-benzoyl-3-phenyl-isoserine. 

5 180. The mediod of Claim 179 fuither comprising the steps of: 

providing a pyridin&-N-OKide derivative; 
and leacting said pyridme-N-oxide d^vative with said cis- 
cinnamate derivative, said oxygen atom source, and said chizal catalyst. 

181. The m^iod of Oaim 180 whezein said pyridine-N-oxide is 

10 selected fiom the group Consisting of 4^hmylpyridine-N-oxide and 4-t-butyl- 
pyridine-N-oxide. 

182. Tlie method of Claim 179 whexein the A1-A5 groups on the ds- 
dnnamate derivative are the same. 

183. The method of Claim 179 wherein the Al-AS groups on the ds- 
15 cinnamate derivative are hydrogen. 

184. The m^od of Claim 179 wherein Rl on the cis-dnnamate 
derivative is an ethyl group. 

185. The method of Claim 179 wherein the ds-dmiamate derivative 
is ds-ethyl dnnamate. 

20 186. Tlie method of Claim 179 wherein the oxygen atom source is 

selected from the group consisting of NaOQ, iodosomesitylene, NalQi, 
NBU4IO4, potassium peroxymonosul&te, magnesnun monqperoxyphtiialate, 
H2Q2, peroxybenzoic add derivatives, and hexacyanofertate ion. 
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wheiein R4 is a hydioxyl protecting group; 

reacting, in the presence of a teitiaiy amine activating agent, 
said N-benzoyl-0-(l-ethoxyethyl)-3-phenyl-isosenneand said alcohol to fonn 
an intennediate; and 
5 conveiting the intennediate to taxol by hydiolyzing the 

ethoxyethyl on the C13 side chain and R4 hydioxyl protecting groups. 

190. The method of claim 189 wherein R4 is selected from etheis, 
esters, carbonates and silyl graq}s. 

191. The method of claim 189 wherein R4 is selected from 
10 ethoxyethyl, tiimethyl, allyl or triethyl silyl. 



192. The method of daim 189 wherein the t^tiaiy amine activatmg 
agent is triethyl amine, diisqprqpyl ethyl amine, pyridine, N-methyl imidazole, 
or 4-dimethylaminopyridine. 

193. The method of Claim 189 further comprising the steps of: 
15 providing a pyiidine-N-oxide derivative; 

and reacting said pyridine-N-oxide derivative with said cis- 
cinnamate derivative, said oxygen atom source, and said chiial catalyst 

194. The mediod of Claim 193 wherein said pyridine-N-oxide 
derivative is selected from the group consisting of 4-phenylpyridine-N-oxide 

20 and 4-t-butylpyridine-N-oxide. 

195. The method of Claim 189 wherein die oxygen atom source is 
selected fiom the group consisting of NaOCl, iodosomesitylene, NaI04, 
NBU4IO4, potassium peroxymonosul&te, magnesium monq>eroxyphtha]ate, 
H3O2, pmxybenzoic add derivatives, and hexacyanofenate ion. 
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187. The method of Claim 179 wherein the oxygen atom source is 
NaOCL 

188. The method of Claim 179 wherein the transition metal ion is 
manganese. 

5 189. A method of producing taxol, said method comprising the Steps 

of: 

providing an ethyl phenylpropiolate; 
partially hy/irogenating ethyl phenylpropiolate to produce cis- 
ethyl cinnamate; 
10 providing an oxygen atom source; 

providing the chiral catalyst d^ed in daim 1, 20, 26, 38» or 

53; 

reacting said cis-ethyl cinnamate, said oxygen atom source, and 
said chiral catalyst under such conditions and for such time sufficient to 
15 qwxidize said cis-ethyl cinnamate, to thereby produce a cis-q)0xide of ethyl 
cinnamate; 

regioselectively opening said cis-epoxide of ethyl cinnamate to 
produce 3-phenyHsoserinaniide; 

hydroiyzing said 3-phenyl-isoserinamide to produce 3-phenyl- 

20 isoserine; 

providing benzoyl chloride in sodium bicarbonate solution; 

reacting said 3-phenyl-isoserine with said benzoyl chloride in 
sodium bicarbonate to form N-benzoyl-3-pheny Wsoserine; 

reacting said N-benzoyl-3-phenyl-isoserine with 1-chloxoethyl 
25 ethyl ether and tertiary amine in methylene chloride to form N-benzoyl-0-(l- 
ethoxyethyI)-3-phenyl-isoserine for the C13 side chain; 

providing an alcohol with the formula: 

OR 




OH : OCOCM, 
OCOC|Hs 
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196. The method of Claim 189 wherem the oxygen atom source is 
NaOCl. 

197. The method of Claim 189 wherein the tranation metal ion is 
manganese. 

5 198. A method of enantioselectively oxidizing sulfides with the use of 

a dnial catalyst comprising the steps of: 

providing a prt>chital sulfide; 
providing ^ oxygen atom source; 

providing the chiral catalyst of Claim 1, IS, 20, 26, 38 or 53; 

10 and 

reacting said sulfide, said oxygen atom source, and said chiral 
catalyst under such conditions and for such time sufficient to oxidize said 
sulfide. 

199. The method of Claim 198 wherein the prochixal sulfide has the 
15 following formula: 

R1-S-R2 

where Rl is any aromatic group and 112 is any alkyi group. 

200. Hie method of Claim 198 wherein the oxygen atom source is 
selected from the group consisting of hydrogen peroxide and iodosylbrazene. 

20 

201. Hie method of Claim 198 further comprising providing a 
cosolvent selected from the group consisting of tetrahydrofuxan, ac^ne and 
acetronitrile. 



202. A chiral catalyst having the following formula: 
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wbeiein Yl is selected from the group consisting of O-CHj, t- 
butyl, NO2, and H; and 
wbeiein A is an anion. 



203. A method of enantiosdecdvely oxidizing a sulfide with a chiial 
5 catalyst composing the steps of 

providing a prochiral sulfide; 
providmg an oxygen atom source; 
providmg the chiial catalyst of Claim 202; 

and 

10 reacting said sulfide, said oxygen atom source, and said chiial 

catalyst under such conditions and for such time sufficient to oxidize said 
sulfide. 

204. The method of Claim 203 wherein the prochiral sulfide has the 
following fonnula: 

IS Rl-S-It2 

where Rl is any aromatic group and R2 is any all^l 

group. 



20 



205. The method of Claim 203 wherein the oxygen atom source is 
selected from the group consisdng of hydrogen peroxide and iododylbmzene. 
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206. The method of Claim 203 fiiither comprising the step of 
providing a cosolvent selected from the group consisting of tetrahydrofuian, 
acetone and acetronitrile. 



207. A cfaiial catalyst having the following formula: 




S wherein YI is selected from the gtorsp consisting of O-CHa, t- 

butyl and methyl; and 
wherein A is an anion. 

208. A method of enantioselectively oxidi2±ng a sulfide with a chizal 
catalyst comprising the steps of 

10 providing a prochiial sulfide; 

providing an oxygen atom source; 
providing the chiral catalyst of Claim 207; 

and 

reacting said sulfide^ said oxygra atom source, and said cfaixal 
IS catalyst under such conditions and for time sufBdent to oxidize said sulfide. 

209. The method of Claim 208 whereb the prochiial sulfide has the 
following formula: 

R1-S-R2 

where Rl is any aromatic group and S2 is any alkyl 

20 group. 
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210. The method of Claim 208 whexdn the oxygen atom souice is 
selected from the group consisting of hydrogen peroxide and iodosylbenzene. 

211. The method of Claim 208 further comprising the step of 
providing a cosolvent selected from the group consisting of tetxahydrofuran, 

S acetone and acetronitxile. 

212. A mediod of catalytic di^ropoitionation of hydrogen pmxide 
comprising the stqis of: 

providmg hydrogen peroxide; 
providing a catalyst having the fonnula: 




10 where M is a transition ion; 

where A is an anion; 
where n is either 0, 1, or 2; 

where XI, X2, X3, X4, X5, X6, X7, X8, X9, XIO, Xll, X12, 
X13 and X14 are independently sdected from the group consisting of 
15 hydrogen, halides, aD^ls, aiyls and alkyl groups bearing hetero atoms; 
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reacting said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disprppoitionate hydrogen peroxide 
to dioxygen and water. 

213. A method of catalytic dispropoxtionation of hydrogen 
5 p^xide comprising the stqps of: 

providing hydrogen peroxide; 

providing the catalyst of Claim 1. IS, 20, 26, 38, S3, 202 or 

203; 

reacting sa|d hydrogen peroxide and said catalyst under such 
10 conditions and for such time sufficient to disproportionate hydrogen pmxide 
to dioxygen and water. 

214. A method of catalytic disprpportionation of hydrogen peroxide 
comprising the steps of: 

providing hydrogen peroxide; 
IS providing a catalyst having the following formula: 



Q 



where Y is selected from the group condsting of t-butyl, CI, 
methyl, and O-CHa; 
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reacting said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 

215. The method of Clahn 214 further compiising providing a 
soWent selected from the group consistuig of CHjCla, EtOH, H,0 and acetone. 

216, A method of catalytic disproportionation of hydrogen peroxide 
compiising the stq>s of: 

providing hydrogen peroxide; 



leactmg said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 



providmg a catalyst havmg the fonnula: 




IS 



217. The metiiod of Clahn 216 ftehercompiismg providing a 
solvent selected fiom tiie group consisting of CHjCOa, EtOH, HjO and acetone. 
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AMENDED CLAIMS 

[received by the International Bureau on 8 February 1993 (08.02,93); 
original claims 73,169,189,198 and 213 cancelled and replaced 
by new claims 218-221, 229-232. 242-245, 254-257 and 261-265 
respectively; claims 74-80, 170-178. 190-197 and 199-201 cancelled 
and replaced by new claims 222-228, 233-241, 246-253 and 258-260 
respectively; original claim 179 amended; other claims unchanged (34 pages)] 



179. A method of making a C-13 side chain of taxol or taxol 
derivative, said method comprismg the steps of: 

providing a cis-cinnamate derivative having the formula: 




wherein Al-AS are each selected from the group consisting of 
hydrogen, aryls, primaiy alkyls, secondary alkyls, tertiary alkyls, hydroxy!, 
alkoxy, F, CI, Br, I, and amines; 

wherein said alkoxy is selected from the group consisting 
of alkyls, aryls, aroyls, or alkanoyls; 
wherein RI is an alkyl group; 
providing an oxygen atom source; 
providing a chiial catalyst having the following structure: 




where Rl and R4 are trans to each other and at least one of Rl 
and R4 is selected from the group consisting of primaiy alkyls and hydrogen; 

reacting said cis-cinnamate derivative, said oxygen atom source, 
and said chiral catalyst under such conditions and for such time sufficient to 
epoxidize said cis-dnnamate derivative, to thereby produce a cis-epoxide of 
said dnnamate derivative; 

regioselectively opening said cis-q)oxxde of cinnamate derivative 
to produce a 3-phenyl-isoserinamide derivative; 

hydrolyzing said S-phenyl-isoserinamide derivative to produce a 
3-phenyl-isoserine derivative; 
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providing benzoyl chloride in sodium bicaibonate solution; and 
reacting said 3-phenyl-isoserine derivative witii said benzoyl 
chloride in sodium bicarbonate to form N-benzoyl-S-phenyl-isoserine. 

180. The method of Claim 179 further comprising tiie steps of: 
providing a pyridine-N-oxide derivative; 

and reacting said pyridiae-N-oxide derivative witii said cis- 
cinnamate derivative, said oxygen atom source, and said chiral catalyst. 

181. The method of Claim 180 wherein said pyridine-N-oxide is 
selected from the group cqqsisting of 4-phenylpyridine-N-oxide and 4-t-butyl- 
pyridine-N-oxide. 

182. The method of Claim 179 wherein the A1-A5 groups on the cis- 
cinnamate derivative are the same. 

183. The method of Claim 179 wherein the Al-AS groups on the cis- 
cinnamate derivative are hydrogen. 

184. . The method of Claim 179 wherein Rl on the cis-cinnamate 
derivative is an ethyl group. 

185. The method of Claim 179 wherein the cis-dnnamate derivative 
is cis-ethyl cinnamate. 

186. The method of Claim 179 wherein the oxygen atom source is 
selected from the group consisting of NaOCl, iodosomesitylene, NaI04, 
NBU4IO4, potassium peroxymonosulfate, magnesium monoperoxyphthalate, 
H2O2, peroxybenzoic add derivatives, and hexacyanofenate ion. 
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218. A method of enantioselectively epoxidizing a prochiial olefin 
with the use of a chijal catalyst comprising the steps of: 
providing a prochiral olefin; 
providing an oxygen atom source; 
providing a pyridine-N-oxide derivative; 
providing a chiial catalyst having the following structure: 




where M is a transition metal ion; 

where A is an anion; 
10 where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyk, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
15 consisting of aryls. primary alkyls. secondary alkyls, tertiary alkyls, and hetero 

atoms; 

where Yl, Y2. Y3, Y4, Y5, and Y6 are independently selected 
from the group consisting of hydrogen, haUdes. alkyls, aryls, and alkyl groups 
bearing hetero atoms; 

20 where at least one of Rl, R2, R3 and R4 is selected from a first 

group consisting of hydrogen, CH3, and primary alkyls; 

where, if Rl is selected from said first group, then R2 and R3 
are selected from a second group consisting of aiyls, secondary alkyls, tertiary 
alkyls, and alkyls bearing hetero atoms; 
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where, if S2 is selected from said first group, then Rl and R4 
aie selected from said second group; 

where, if R3 is selected from said first group, then Rl and R4 
are selected from said second group; 

where, if R4 is selected from said first group, then R2 and R3 
are selected from said second group; and 

reacting said olefin, said oxygen atom source, said pyridine-N- 
oxide derivative, and said chiial catalyst under such conditions and for such 
time sufficient to epoxidize said olefin. 

219. A method of raantioselectively epoxidizing a prochiral olefin 
with the use of a chiral catalyst comprising the steps of: 
providing a prochind olefin; 
providing an oxygen atom source; 
providing a pyridin&-N-oxide derivative; 
providing a chiral catalyst having the following structure: 




where M is a transition metal ion; 
where A is an anion; 

where at least one of XI or X2 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; and 
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where Yl, Y2, Y3. Y4. Y5, Y6, Zl, Z2, Z3, Z4, Z5, Z6. Z7, 
Z8, Z9, ZIO, Zll, and Z12 are independently selected from the group 
consisting of hydrogen, haKdes, alkyls, aiyls, and alkyl groups bearing hetero 
atoms; and 

reacting said olefin, said oxygen atom source, said pyridine-N- 
oxide derivative, and said chiral catalyst under such conditions and for such 
time sufficient to q)0xidize said olefin. 

220. A method of enantioselectivdy qwxidizing a prochiral. olefin 
with the use of a chiral catalyst comprising the steps of: 
providing a prochiral olefin; 
providing an oxygen atom source; 
providing a pyridine-N-oxide derivative; 
providing a chind catalyst having the following structure: 




where M is a transition metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 
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where at least one of Y4 or Y5 is selected from the group 
consisting of aryls» primary alkyls, secondary alkyls, tertiary alkyls, and betero 
atoms; 

where Y3 and Y6 are indq)endently selected from the group 
5 consisting of H and primary alkyi groups; 

where either one or two of Rl, R2, S3 and R4 is hydrogen; 
where, if Rl is hydrogen, then R3 is a primary alkyl; 
where, if R2 is hydrogen, then R4 is a primary alkyl; 
where, if R3 is hydrogen, then Rl is a primary alkyl; 
10 where, if R4 is hydrogen, then R2 is a primary alkyl; and 

reacting said olefin, said oxygen atom source, said pyriduie-N- 
oxide derivative, and said chiral catalyst under such conditions and for such 
time sufficient to q)oxidize said oldin. 

221. A method of enantioselectively epoxidizing a prochiral olefin 
IS with the use of a chiral catalyst comprising the steps of: 

providing a prochiral olefin; 
providing, an oxygen atom source; 
providing a pyridine-N-oxide derivative; 
providing a chiral catalyst having the following structure: 



20 




where M is a transition metal ion; 

where A is an anion; 

where n is either 3, 4, 5 or 6; 
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where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, teitiaiy alkyls, and hetero 
atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary alkyls. secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Y3, and Y6 are independently selected from the group 
consisting of hydrogen and primary alkyl groups; 

where Rl and R4 are trans to each other and at least one of Rl 
and R4 is selected from the group consisting of primary alkyls and hydrogen; 

where the carbons in the (Q^ portion have substituents selected 
from the group consisting of hydrogen, alkyl, aryl, and heteroatoms; and 

reacting said olefin, said oxygen atom source, said pyridine-N- 
oxide derivative, and said chiral catalyst under such conditions and for such 
time sufficient to q)oxidize said olefin. 

222. The method of Claim 218, 219, 220 or 221 wherein the 
prochiral olefin is selected from the group consisting of monosubstituted and 
cis 1,2 disubstituted olefins. 

223. The method of Claim 218, 219, 220 or 221 wherein the 
prochiral olefin is a cis disubstituted olefin bearing a primary substituent on 
one side of the double bond and a secondary, tertiary, or aryl substituent on 
the other side. 
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224. The method of Claim 218, 219, 220 or 221 wherein the 
pyridine-N-oxide derivative is selected firom the group consisting of 4- 
phenylpyridine-N-oxide and 4-t-butylpyridine-N-oxide. 

225. The method of Claim 218, 219, 220 or 221 wherein the olefin is 
S selected from the group consisting of: 

Sil-6-methylstyiene, dihydronaphthalene, 2-cyclobexenyl-l,l- 
dioxolane, 2,2-dimethylchTomene, styrene, and propylene. 

226. The method of Claim 218, 219, 220 or 221 wherein the oxygen 

atom source is sdected from the group consisting of: NaOCl, 

> 

10 iodosomesitylene, NaI04, NBU4IO4, potassium peroxymonosulfate, magnesium 

monoperoxyphthalate, and hexacyanoferrate ion. 

227. The method of Claim 218, 219, 220 or 221 wherein the oxygen 
atom source is selected from group consisting of: NaOCl and 
iodosomesitylene. 

15 228. The method of Claim 218, 219, 220 or 221 wherein the oxygen 

atom source is NaOCI. 

229. A method of enantioselectively epoxidizing a cis-cinnamate 
derivative with a chiral catalyst to produce a cis-q)Oxide of said cinnamate 
derivative, said method comprising the steps of: 
20 providing a cis*cinnamate derivative having the formula: 

A, 




wo 93/03838 



-120- 



PCT/US92/07261 



10 



wherein A1-A5 are each selected from the group consisting of 
hydrogen, aryls, primary alkyls, secondaiy alkyis, tertiary alkyls, hydroxyl, 
alkoxy groups, F, CI, Br, I. and amines; 

wherein Bl is selected from the group consisting of 
unsubstituted, mono-substituted amine and di-substituted amine; 

wherein G is selected from the group consisting of hydrogen, 



and aryls; 



providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 




where M is a transition metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
15 consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 

atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alibis, and hetero 
atoms; 

20 where Yl , Y2, Y3, Y4, Y5, and Y6 are independently selected 

from the group consisting of hydrogen, halides, aO^ls, aryls, and alkyl groups 
bearing hetero atoms; 

where at least one of Rl, R2, R3 and R4 is selected from a first 
group consisting of hydrogen, CH3, and primary alkyls; 
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where, if Rl is selected ftoin said first group, then R2 and R3 
are selected finom a second group consisting of aiyls, secondaiy alkyls, tertiary 
alkyls, and alkyls bearing hetero atoms; 

where, if R2 is selected ftom said first group, then Rl and R4 
5 are selected fiom said second group; 

where, if R3 is selected from said first group, then Rl and R4 
are selected from said second group; 

where, if R4 is selected from said first group, then R2 and R3 
are selected from said second group; and 
10 reacting said cis-dnnamate derivative, said oxygen atom source, 

and said chiral catalyst under such conditions and for such time sufficient to 

> 

epoxidize said cis-cinnamate derivative, to thereby produce a cis-q)Oxide of 
said cinnamate derivative. 

230. A method of enantioselectively epoxidizing a cis-cinnamate 
15 derivative with a chiral catalyst to produce a cis-epoxide of said cinnamate 

derivative, said method comprising the steps of: 

providing a cis-cinnamate derivative having the formula: 
A, 

A4 

wherein A1-A5 are each selected from the group consisting of 
20 hydrogen, aryls, primary alkyls, secondary alkyls, tertiary alkyls, hydroxyl, 

alkoxy groups, F, CI, Br, I, and amines; 

wherein Bl is selected from the group consisting of 
unsubstituted, mono-substituted amine and di-substituted amine; 

wherein G is selected from the group consisting of hydrogen, 

25 and aryls; 

providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 
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wheie M is a transition metal ion; 
where A is an anion; 

where at le^ one of XI orX2 is selected from the group 
5 consisting of aryk, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 

atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

10 where Yl. Y2. Y3, Y4, Y5, Y6, Zl, Z2, Z3, Z4. Z5. Z6, Z7, 

Z8, Z9, ZIO, Zll, and Z12 are independently selected from the group 
consisting of hydrogen, halides, alkyls, aryls, and alkyl groups bearing hetero 
atoms; and 

reacting said cis-cinnamate derivative, said oxygen atom source, 
15 and said chiral catalyst under such conditions and for such time sufficient to 

epoxidize said cis-cinnamate derivative, to thereby produce a cis-epoxide of 
said cinnamate derivative. 

231, A method of enantioselectively epoxidizing a cis-cinnamate 
derivative with a chiral catalyst to produce a cis-epoxide of said cinnamate 
20 derivative, said method comprising the steps of: 

providing a cis-cinnamate derivative having the formula: 
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wherein Al-AS aie each selected from the group consisting of 
hydrogen, aiyls, primary alkyls, secondary alkyls, tcttiaiy alkyls, hydroxyl, 
alkoxy groups, F, CI, Br, I, and amines; 
5 wherein Bl is selected from the group consisting of 

unsubstituted, mono-substituted amine and di-substituted amine; 

wherein G is selected from the group consisting of hydrogen, 

and aryls; 

providing an oxygen atom source; 
10 providing a chiral catalyst having the following stnicture: 



* where M is a transition metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 
IS where at least one of XI or X2 is selected from the group 

consisting of aryls, primary alkyls, secondary aUcyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
20 atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 
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where at least one of Y4 or Y5 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, teitiary alkyls, and hetero 
atoms; 

where Y3 and Y6 are independently sdected from the group 
5 consisting of H and primary alkyl groups; 

where either one or two of Rl , R2, R3 and R4 is hydrogen; 

where, if Rl is hydrogen, then R3 is a primary alkyl; 

where, if R2 is hydrogen, tiien R4 is a primary alkyl; 

where, if R3 is hydrogen, then Rl is a primary alkyl; 
0 where, if R4 is hydrogen, then R2 is a primaiy alkyl; and 

reacting said cis-cinnamate derivative, said oxygen atom source, 
and said chiral catalyst under such conditions and for such time sufficient to 
epoxidize said cis-dnnamate derivative, to thereby produce a cis-epoxide of 
said cinnamate derivative. 

5 232. A method of enantioselectively epoxidizing a cis-cixmamate 

derivative wi± a chiral catalyst to produce a cis-epoxide of said cinnamate 
derivative, said method comprising the st^s of: 

providing a cis-cinnamate derivative having the formula: 




0 wherein A1-A5 are each selected from the group consisting of 

hydrogen, aryls, primary alkyls, secondaiy alkyls, tertiary alkyls, hydroxyl, 

alkoxy groups, F, CI, Br, I, and amines; 

wherein Bl is selected from the group consisting of 

unsubstimted, mono-substimted amine and di-substituted amine; 
5 wherein G is selected from the group consisting of hydrogen, 

and aiyls; 

providing an oxygen atom source; 
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providing a chiiai catalyst having the following stnictuie: 




where M is a transition metal ion; 

where A is an anion; 
5 where n is either 3, 4, 5 or 6; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected £rom the group 
10 consisting of aryls, primary aJkyls, secondary alkyls, tertiary alkyls, and hetero 

atoms; 

where at.least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

15 where at least one of Y4 or Y5 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Y3, and Y6 are independently selected from the group 
consisting of hydrogen and primary alkyl groups; 
20 where Rl and R4 are trans to each other and at least one of Rl 

and R4 is selected from the group consisting of primary alkyls and hydrogen; 

where the carbons in the (C)n portion have substituents selected 
from the group consisting of hydrogen, aUcyl, aryl, and heteroatoms; and 

reacting said cis-cinnamate derivative, said oxygen atom source, 
25 and said chiral catalyst under such conditions and for such time sufficient to 
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q)oxidize said cis-cinnamate derivative, to thereby produce a cis-epoxide of 
said cinnamate deriv^ve. 

233. The method of Claim 229, 230, 231 or 232 further comprising 
the steps of: 

providing a pyridine-N-oxide derivative; 
and reacting said pyridine-N-oxide derivative with said ds- 
cimiamate, said oxygen atom source, and said chiral catalyst. 

234. The method of Claim 233 wherein said pyridine-N-oxide 
derivative is selected from the group consisting of 4-phenylpyridine-N-oxide 
and 4-t-butylpyridiQe-N-oxide. 

235. The metiiod of Claim 229, 230, 231 or 232 wherem the A1-A5 
groups on the cis-cinnamate derivative are aU the same. 

236. The method of Claim 229, 230, 231 or 232 wherein tiie A1-A5 
groups on the cis-cinnamate derivative are hydrogen. 

237. The method of Claim 229. 230, 231 or 232 wherein Rl on tiie 
cis-cinnamate derivative is an ethyl group. 

238. The metiiod of Claim 229, 230, 231 or 232 wherein tiie cis- 
cinnamate derivative is cis-ethyl cinnamate. 

239. The metiiod of Claim 229, 230, 231 or 232 wherein tiie oxygen 
atom source is selected from tiie group consisting of NaOCl, iodosomesitylene, 
NaI04, NBU4IO4, potassium peroxymonosulfate, magnesium 
monopeioxyphthalate, HjOj, peroxybenzoic acid derivatives, and 
hexacyanoferrate ion. 
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240. The method of Claim 229, 230, 231 or 232 wherein the oxygen 
atom source is NaOCl. 

241. The method of Claim 229, 230, 231 or 232 wherein the 
transition metal ion is manganese. 

5 242. A method of producing taxol, said method comprising tht stqps 

of: 

providing an ethyl phenylpropiolate; 
partially hydrogenating ethyl phenylpropiolate to produce cis- 
etbyl cinnamate; 
10 providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 




where M is a transition metal ion; 
where A is an anion; 
15 where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiaiy alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
20 consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 

atoms; 
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where Yl, Y2, Y3, Y4, Y5, and Y6 are independenUy selected 
from the group consisting of hydrogen, halides, alkyls, aiyls, and alkyl groups 
bearing hetero atoms; 

where at least one of Rl, K2, R3 and R4 is selected from a first 
5 group consisting of hydrogen, CHj, and primaiy alkyls; 

where, if Rl is selected from said first group, then R2 and B3 
are selected from a second group consisting of aryls, secondary alkyls, tertiary 
alkyls, and alkyls bearing hetero atoms; 

where, if R2 is selected from said first group, then Rl and R4 
10 are selected from said second group; 

where, if R3 is selected from said first group, then Rl and R4 
are selected from said second group; 

where, if R4 is selected from said first group, tiien R2 and R3 
are selected from said second group; 
15 reacting said cis-ethyl cinnamate, said oxygen atom source, and 

said chiral catalyst under such conditions and for such time sufficient to 
epoxidize said cis-ethyl cinnamate. to thereby produce a cis-q)oxide of ethyl 
ciimamate; 

regioselectively opening said cis-q)oxide of ethyl c inn a m a t e to 
20 produce 3-phenyl-isoserinamide; 

hydrolyzmg said 3-phenyl-isoserinamide to produce 3-phenyl- 

isoserine; 

providing benzoyl chloride in sodium bicaxix)nate solution; 
reacting said 3-phenyl-isoserine with said benzoyl chloride in 
25 sodium bicarbonate to form N-benzoyl-3-phenyl-isoserine; 

reactmg said N-benzoyl-3-phenyl-isoserine with 1-chloroetiiyI 
ethyl ether and tertiary amine in methylene chloride to form N-ben20yl-0-(l- 
ethoxyethyl)-3-phenyl-isoserine for the C13 side chain; 

providing an alcohol with the formula: 
on 



30 




OH *i OCOCMj 
OCOC|H| 
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wherein R4 is a hydroxy! protecting graap; 

reacting, in the presence of a tertiaiy amine activating agent, 
said N-benzoyl-0-(l-ethoxyethyI)-3-phenyl-isoserineand said alcohol to form 
an intermediate; and 

S conv^ting the intermediate to taxol by hydrolyzing the 

ethoxyethyl on the CIS side chain and R4 hydroxyl protecting groups. 

243. A method of producing taxol, said method comprising the stq)s 

of: 

providing an ethyl phenylpropiolate; 
10 partially hydrogenating ethyl phenylpropiolate to produce cis- 

ethyl cinnamate; 

providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 




IS where M is a transition metal ion; 

where A is an anion; 

where at least one of XI or X2 is selected from the group 
consisting of aiyls, primary aUcyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

20 where at least one of X3 or X4 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

whei« Yl, Y2, Y3, Y4, Y5, Y6, Zl, Z2, Z3, Z4, Z5, Z6, Z7, 
Z8, Z9, ZIO, Zllj and Z12 are indep^dently selected from the group 
25 consisting of hydrogen, halides, alkyls, aryls, and alkyl groups bearing hetero 

atoms; 
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reacting said cis-ethyl cinnamate, said oxygen atom source, and 
said chiral catalyst under such conditions and for such time sufficient to 
epoxidize said cis-ethyl cinnamate, to thereby produce a cis-epoxide of ethyl 
cinnamate; 

5 regioselectively opening said cis-q)Oxide of ethyl cinnamate to 

produce 3-phenyl-isoserinamide; 

hydrolyzing said 3-phenyl-isoserinamide to produce 3-phenyl- 

isoserine; 

providing benzoyl chloride in sodium bicarbonate solution; 
10 reacting said 3-phenyl-isoserine with said benzoyl chloride in 

sodium bicaibonate to form N-benzoyI-3-phenyl-isoserine; 

reacting said N-benzoyl-3-phenyl-isoserine with 1-chloroethyI 
ethyl ether and tertiary amine in methylene chloride to form N-benzoyl-0-(l- 
ethoxyethyl)-3-phenyl-isoserine for the C13 side chain; 
IS providing an alcohol with the formula: 




; OCOCK, 
OCOC|Hs 

wherein R4 is a hydroxyl protecting group; 

reacting, in the presence of a tertiary amine activating agent, 
said N-benzoyl-0-(l-ethoxyethyl)-3-phenyl-isoserineand said alcohol to fonn 
20 an intermediate; and 

converting the intermediate to taxol by hydrolyzing the 
ethoxyethyl on the C13 side chain and R4 hydroxyl protecting groups. 

244. A method of producing taxol, said method comprising the steps 

of: 

25 providing an ethyl phenylpropiolate; 

partially bydrogenating ethyl phenylpropiolate to produce cis- 
ethyl cinnamate; 
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piDviding an oxygen atom source; 

providing a chiial catalyst having the following stnictuie: 



where M is a transition metal ion; 
S where A is an anion; 

where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

10 where at least one of X3 or X4 is selected from the group 

consisting of aryls, primaiy alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primaiy alkyls, secondary alibis, tertiary alkyls, and hetero 
IS atoms; 

where at least one of Y4 or YS is selected from the group 
consisting of aryls, primaiy alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Y3 and Y6 are independently selected from the group 
20 consisting of H and primaiy alkyl groups; 

where either one or two of Rl, K2, R3 and R4 is hydrogen; 

where, if Rl is hydrogen, then R3 is a primaiy alkyl; 

where, if R2 is hydrogen, then R4 is a primaiy alkyl; 

where, if R3 is hydrogen, then Rl is a primary alkyl; 
25 where, if R4 is hydrogen, then R2 is a primary alkyl; 

reacting said cis-ethyl cinnamate, said oxygen atom source, and 
said chiial catalyst under such conditions and for such time sufRcient to 
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epoxidize said cis-ethyl cinnamate, to thereby produce a cis-epoxide of ethyl 
cianamate; 

regioselectively opening said cis-epoxide of ethyl cinnamate to 
produce S-phenyl-isoserinamide; 
5 hydrolyzing said 3-phenyl-isoserinaniide to produce 3-phenyl- 

isoserine; 

providing benzoyl chloride in sodium bicarbonate solution; 

reacting said 3-phenyl-isoserine with said benzoyl chloride in 
sodium bicarbonate to form N-benzoyl-3-phenyl-isoserine; 
10 reacting said N-benzoyl-3-phenyl-isoserine with l-chloroethyl 

ethyl ether and tertiary amine in methylene chloride to form N-benzoyl-0-(l- 
ethoxyethyl)-3-pbenyWsoserine for the C13 side chain; 

providing an alcohol with the formula: 



OA 




5m \ O COCK J 
OCOC|H} 

15 wherein R4 is a hydroxyl protecting group; 

reacting, in the presence of a tertiary amine activating agent, 
said N-benzoyl-0-(l-ethoxyethyl)-3-phenyl-isoserineand said alcohol to form 
an intermediate; and 

converting the intermediate to taxol by hydrolyzing the 
20 ethoxyethyl on the C13 side chain and R4 hydroxyl protecting groups. 

245. A method of producing taxol, said method comprising the steps 

of: 

providing an ethyl phenylpropiolate; 

partially hydrogenating ethyl phenylpropiolate to produce cis- 
25 ethyl cinnamate; 

providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 
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where M is a transition metal ion; 

where A is an anion; 

where n is either 3, 4, 5 or 6; 
S where at least one of XI or X2 is selected ftom the group. 

consisting of aiyls, primary alkyls, secondary alkyls, tertiary dikyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aiyls» primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
10 atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Y4 or Y5 is selected from the group 
15 consisting of aryls, primary alkyls, secondaiy aOgrls, tertiary alkyls, and hetero 

atoms; 

where Y3, and Y6 are independently selected from the group 
consisting of hydrogen and primary alkyl groups; 

where Rl and R4 are trans to each oth^ and at least one of Rl 
20 and R4 is selected from the group consisting of primary alkyls and hydrogen; 

where the caibons in the (C)„ portion have substituents selected 
from the group consisting of hydrogen, alkyl, aryl, and heteroatoms; and 

reacting said cis-ethyl cinnamate, said oxygen atom source, and 
said chiral catalyst under such conditions and for such time sufficient to 
25 epoxidize said cis-ethyl cinnamate, to thereby produce a cis-q)oxide of ethyl 

cinnamate; 
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regioselectively opening said ds-epoxide of ethyl dnnamate to 
produce 3-phenyI-iso5erinamide; 

hydxolyzing said 3-phenyl-isoseiinamide to produce 3-phenyl- 

isoserine; 

5 providing benzoyl chloride in sodium bicaibonate solution; 

reacting said 3-phenyI-isoserine with said benzoyl chloride in 
sodium bicarbonate to fonn N-benzoyl-3-phenyl-isoserine; 

reacting said N-benzoyl-3-phenyl-isosKine with l-chloroethyl 
ethyl ether and tertiary amine in methylene chloride to form N-benzoyl-0-(l- 
10 ethoxyethyl)-3-phenyl-isoserine for the C13 side chain; 

providing an alcohol with the formula: 




wherein R4 is a hydroxyl protecting group; 

reacting, in the presence of a tertiary amine activating agent, 
15 said N-benzoyl-0-(l-ethoxyethyl)-3-phenyl-isoserine and said alcohol to form 

an intermediate; and 

converting the intermediate to taxol by hydrolyzing the 
ethoxyethyl on the C13 side chain and R4 hydroxyl protecting groups. 

246. The method of claim 242, 243, 244 or 245 wherrin R4 is 
20 selected from ethers, esters, carbonates and silyl groups. 

247. The method of claim 242, 243, 244 or 245 wherein R4 is 
selected from ethoxyethyl, trimethyl, allyl or diethyl silyl. 



25 



248. The method of claim 242, 243, 244 or 245 wherein the tertiary 
amine activating agent is triethyl amine, diisopropyl ethyl amine, pyridine, N- 
methyl imidazole, or 4-dimethylaminopyridine. 
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249. The method of Claim 242, 243, 244 or 245 further comprising 
the steps of: 

providing a pyridine-N-oxide derivative; 
and reacting said pyridine*N-oxide derivative with said cis- 
dnnamate derivative, said oxygen atom source, and said chiial catalyst. 

250. The method of Claim 249 wherein said pyridine-N-oxide 
derivative is selected from the group consisting of 4-phenylpyridine-N-oxide 
and 4-t-butylpyridine-N-oxide. 

251. The method ^of Claim 242, 243, 244 or 245 wherein the oxygen 
atom source is selected from the group consisting of NaOCl, iodosomesitylene, 
NaI04, NBU4IO4, potassium peroxymonosulfate, magnesium 
monoperoxyphthalate, HjOj, peroxybenzoic add derivatives, and 
hexacyanofenate ion. 

252. The method of Claim 242, 243, 244 or 245 wherein the oxygen 
atom source is NaOCl. 

253. The method of Claim 242, 243, 244 or 245 wherein the 
transition metal ion is manganese. 

254. A method of enantioselectively oxidizing sulfides with the use of 
a chiral catalyst comprisiag the steps of: 

providing a prochiral sulfide; 

providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 
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where M is a transidon metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected fipom the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aiyls, primary alkyls. secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Yl, Y2, Y3, Y4, Y5, and Y6 are mdq)endently selected 
ftom the group consisting of hydrogen, halides, alkyls, aiyls, and allqrl groups 
bearing hetero atoms; 

where at least one of Rl, R2, R3 and R4 is selected from a first 
group consisting of hydrogen, CH3, and primary alkyls; 

where, if Rl is selected from said first group, then R2 and R3 
are selected from a second group consisting of aiyls, secondaiy alkyls, tertiaiy 
alkyls, and alkyls bearing hetero atoms; 

where, if R2 is selected from said first group, then Rl and R4 
are selected frx>m said second group; 

where, if R3 is selected from said first group, then Rl and R4 
are selected from said second group; 

where, if R4 is selected from said first group, tiien R2 and R3 
are selected from said second group; and 
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leactiiig said sulfide, said oxygen atom source, and said chiial 
catalyst under such conditions and for such time sufficient to oxidize said 
sulfide. 

255. A method of enantioselectively oxidizing sulfides with the use of 
S a chiral catalyst comprising the stq)s of: 

providing a prochiral sulfide; 

providing an oxygen atom source; 

providing a chiral catalyst having the following stnicdire: 




where M is a transition metal ion; 
where A is an anion; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primaiy alkyls, secondary alkyls, teitiaiy alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primaiy alkyls, secondaiy alkyls, tertiary alkyls, and hetero 
atoms; 

where Yl, Y2, Y3, Y4, Y5, Y6, Zl, Z2, Z3, Z4, Z5, Z6, Z7, 
Z8, Z9, ZIO, Zll, and Z12 are independently selected from the group 
consisting of hydrogen, halides, alkyls, aiyls, and alkyl groups bearing hetero 
atoms; and 

reacting said sulfide, said oxygen atom source, and said chiral 
catalyst under such conditions and for such time sufRcient to oxidize said 
suliide. 



15 



20 
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256. A method of enantioselectively oxidizing sulfides with the use of 
a chiial catalyst comprising the steps of: 

providing a prochiral sulfide; 

providing an oxygen atom source; 

providing a chiial catalyst having the following structure: 



where M is a transition metal ion; 

where A is an anion; 

where n is either 0, 1, or 2; 
10 where at least one of XI or X2 is selected from the group 

consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and h^ro 
15 atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Y4 or Y5 is selected from the group 
20 consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 

atoms; 

where Y3 and Y6 are independently selected from the group 
consisting of H and primary alkyl groups; 

where either one or two of Rl, E2, R3 and R4 is hydrogen; 
25 where, if Rl is hydrogen, then R3 is a primary alkyl; 

where, if R2 is hydrogen, then R4 is a primary alkyl; 
where, if R3 is hydrogen, then Rl is a primary alkyl; 
where, if R4 is hydrogen, then R2 is a primary alkyl; and 
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reacting said sulfide, said oxygen atom source, and said cbiral 
catalyst under such conditions and for such time sufficient to oxidize said 
sulfide. 

2S7. A method of raantioselectively oxidizing sulfides with the use of 
a chiral catalyst comprising the steps of: 

providing a prochiral sulfide; 

providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 




where M is a transition metal ion; 

where A is an anion; 

where n is either 3, 4, S or 6; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consistmg of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Yl or Y2 is selected fiom the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Y3, and Y6 are independently selected fiom the group 
consisting of hydrogen and primary all^l groups; 
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where Rl and R4 are trans to each other and at least one of Rl 
and R4 is selected ftom the group consisting of primary alkyls and hydrogen; 

where the carbons in the (C). portion have substituents selected 
from the group consisting of hydrogen, alkyl, aryl, and heteroatoms; and 
5 reacting said sulfide, said oxygen atom source, and said chiral 

catalyst under such conditions and for such time sufficient to oxidize said 
sulfide. . 

258. The method of Claim 254, 255. 256 or 257 wherein the 
prochiral sulfide has the following formula: 

10 R1-5-R2 

where Rl is any aromatic group and R2 is any alkyl group. 

259. The method of Claim 254, 255, 256 or 257 wherein the oxygen 
atom source is selected ftom the group consisting of hydrogen peroxide and 

iodosylbenzene. 

15 260. The method of Claim 254, 255. 256 or 257 fiirtiier comprising 

providing a cosolvent selected from the group consisting of tetrahydrofiiran, 
acetone and acetronitrile. 

261 . A method of catalytic disproportionation of hydrogen peroxide 
comprising the steps of: 
20 providing hydrogen peroxide; 

providing the catalyst of Claim 202 or 203; and 
reacting said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 

25 262. A method of catalytic disproportionation of hydrogen peroxide 

comprising the steps of: 

providing hydrogen peroxide; 
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providing a chiial catalyst having the following structuie: 




where M is a transition metal ion; 
where A is an anion; 
where n is'either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and betero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Yl, Y2, Y3, Y4, Y5, and Y6 are independently selected 
from the group consisting of hydrogen, balides, alkyls, aryls, and alkyl groups 
bearing helero atoms; 

where at least one of Rl, R2, R3 and R4 is selected from a first 
group consisting of hydrogen, CH3, and primary alibis; 

where, if Rl is selected from said first group, then R2 and R3 
are selected from a second group consisting of aryls, secondary alkyls, tertiary 
alkyls, and alkyls bearing hetero atoms; 

where, if R2 is selected from said first group, then Rl and R4 
are selected fiom said second group; 

where, if R3 is selected from said first group, then Rl and R4 
are selected 'from said second group; 

where, if R4 is selected from said first group, then R2 and R3 
are selected from said second group; and 
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reacting said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 

263. A method of catalytic dispropoitionation of hydrogen peroxide 
comprising the steps of: 

providing hydrogen peroxide; 

providing a chiial catalyst having the following structure: 




where M is a transition metal ion; 
10 where A is an anion; 

where at l^i one of XI or X2 is sdected from the group 
consisting of aryls, primary alkyls. secondary alkyls, tertiary alkyls, and hetMO 
atoms; 

where at least one of X3 or X4 is selected from the group 
15 consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 

atoms; 

where Yl, Y2, Y3, Y4. Y5, Y6, Zl, Z2, Z3, Z4, Z5, Z6, Z7, 
Z8, Z9, ZIO, Zll, and Z12 are indepmdently selected from the group 
consisting of hydrogen, halides, alkyls, aryls, and alkyl groups bearing hetero 
20 atoms; and 

reacting said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 
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264. A method of catalytic dispippoitioDation of hydrogen peroxide 
comprising the steps of: 

providing hydrogen peroxide; 

providing a chiral catalyst having the following stroctuie: 



1* t*ii 



where M is a transition metal ion; 

where A is an anion; 

> 

where n is either 0, 1» or 2; 

where at least one of XI or X2 is selected from the group 
10 consisting of aiyls, primary alibis, secondary alkyls, tertiary alkyls, and hetero 

atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

IS where at least one of Yl or Y2 is selected from the group 

consisting of aryls, piimaiy alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Y4 or YS is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
20 atoms; 

where Y3 and Y6 are independently selected from the group 
consisting of H and primary alkyl groups; 

where either one or two of Rl, R2, R3 and R4 is hydrogen; 
where, if Rl is hydrogen, then R3 is a primary alkyl; 
25 where, if R2 is hydrogen, then R4 is a primary alkyl; 

where, if R3 is hydrogen, then Rl is a primary alkyl; 
where, if R4 is hydrogen, then R2 is a primary alkyl; and 
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reacting said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 

265. A method of catalytic dispropoitionation of hydrogen peroxide 
5 comprising the steps of: 

providing hydrogen peroxide; 

providing a chiral catalyst having the following structure: 




where M is a transition metal ion; 
10 where A is an anion; 

where n is either 3, 4, 5 or 6; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

j5 where at least one of X3 or X4 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
20 atoms; 

where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiaiy alkyls, and hetero 
atoms; 

where Y3, and Y6 are independently selected from the group 
25 consisting of hydrogen and primary alkyl groups; 
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where Rl and R4 are trans to each other and at least one of Rl 
and R4 is selected iiom the group consisting of piimary alkyls and hydrogen; 

where the carbons in the (Qq portion have substituents selected 
from the group consisting of hydrogen, alkyl, aryl, and heteroatoms; and 

reacting said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 
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see pages 4087-4089. 

Journal of American Chemical Society, Vol. 112, No. 7, issued 
28 March 1990 (ACS), Zhang et ai. "Enantioselective Epoxidation 
of Unfunctionalized Olefins Catalyzed by (Salen) Manganese 
Complexes", pages 2801-2803 see entire document 

Journal of American Chemical Society, Vol. 113, No. 18, issued 
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Journal of American Chemical Society, Vol. 113, No. 17, issued 
14 August 1991 (ACS), Jacobsen et al., "Electronic Tuning of 
Asymmetric Catalysts", pages 6703-4 see entire document- 
US, A, 4,924,011 (Denis et al.) 08 May 1990 See entire 
document 
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This International Searching Authority considers that the above-identified international 
application does not comply widi the requirements of unit of invention as set fodh in PCT Rule 
13 and 37 CFR 1.475 for the following reasons: 

Group I: Claims 1-19, 26-37, 66-80, 98-127, 169-178 and 207 which are drawn to the 
catalyst of Fig. 6 and a method for the epoxidation of a prochiral olefin using said catalyst. 

Group II: Claims 38-6S and 202 which are drawn to the catalyst of Fig. 7. 

Group m: Claims 20-25 which are drawn to die catalyst of Fig. 3. 

Group IV: Claims 66-97 and 128-178 which are drawn to a method for the epoxidation 
of a prochiral olefin using &e catalyst of Fig. 7. 

Group V: Claims 66-80 and 169-178 which are drawn to a mediod for die epoxidation 
of a prochiral olefin using the catalyst of Fig. 3. 

Group VI: Claims 179-188 which are drawn to a mediod of making a C-13 side chain of 
taxol or a taxol derivative using the catalyst of Fig. 7. 

Groiq> Vn: Claims 189-197 v^ich are drawn to a melhod of making taxol or a taxol 
derivative using the catalyst of Fig. 6. 

Group Vm: Claims 189-197 which are drawn to a method of making taxol or a taxol 
derivative using the catalyst of Fig. 7. 

Group IX: Claims 189-197 which are drawn to a method of making taxol or a taxol 
derivative using the catalyst of Fig. 3. 

Groiq) X: Claims 198-201 and 208-211 which are drawn to a method for the 
enantioselective oxidation of sulfides using the catalyst of Fig. 7. 

Group XI: Claims 198-201 and 203-207 which are drawn to a method for die 
enantioselective oxidation of sulfides using die catalyst of Fig. 6. 



Group XE: Claims 198-201 and 203-207 w*ich ar drawn to a mediod for die 
enantioselective oxidation of sulfides using the catalyst of Fig. 3. 

Group Xm: Claims 212-213, 216 and 217 which are drawn to a method for the catalytic 
disproportionation of hydrogen peroxide using the catalyst of Fig. 7. 

Group XIV: Claims 213-215 which are drawn to a method for die catalytic 
disproportionation of hydrogen peroxide using the catalyst of Fig. 6. 

Group XV: Claim 213 which is drawn to a method for the catalytic disproportionation of 
hydrogen peroxide using die catalyst of Fig. 3. 

The claims of these groups are directed to different inventions which are not so linked as 
to form a single general inventive concept For example, Groups I-III are directed to transition 
metal catalysts in which die tetradentate ligand is different in each group. Groups IV-V, VI. 
Vn-K, X-Xn and Xm-XV are directed to diferent mediods of using die catalysts of inventions 

i-in. 

Please be advised that there is no right to protest for any group not paid for and that any 
protest must be filed no later than IS d^s £rom die mailing of the Search Report (PCTyiSA/210). 
Also please note that any additional group elected (Groups II-XV) odier than Group I requires 
a $170.00 search fee per group. 



